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ABSTRACT 
 
Plate-Out is defined, in the context of this research, as a hard deposit that can be found 
adhered to the surface of screw, barrel and die resulting in the loss of output 
performance and ultimate extrude quality. It is typically is seen as a coloured deposit, 
ranging from white through to brown that can occur at any time in the process. Plate-
Out occurs randomly with Santoprene
TM
 TPV products within a manufactured lot, or 
from lot-to-lot without any changes to the base formulation or manufacturing 
procedures or practices.  
 
The aim of the research was firstly to understand the influences of various elements of 
the extrusion process and any interactions on the formation of Plate-Out.  The second 
aspect of the research was to investigate whether deposited Plate-Out had in itself any 
form and structure. Two experimental routes were taken. The first was a university 
based small scale laboratory extrusion study; the second complementary approach was 
industrially based; involving the ExxonMobil Newport manufacturing plant supported 
by the company analytical laboratories based in Brussels. The programme of work 
explicitly excluded in depth analysis of the chemistry involved in the manufacture of 
Santoprene
TM
 TPV, this remaining proprietary to the company.  
 
The results of the study of the effects of the processing variables conclude that Plate-
Out formation is complex and no single variable removed or reduced it. With a 
combination of lower process temperature, longer residence times and higher melt 
compression there is an increased likelihood that Plate-Out will form. For the film type 
deposit which contains novolac resin and zinc chloride, the onset of migration of these 
materials is seen to occur in the transition zone. This is believed to be the tie-layer 
precursor to Plate-Out deposition further along the screw. 
 
Two types of Plate-Out were identified, a powdery deposit and a film deposit. Both 
contained clay filler, stannous chloride, zinc oxide but the film deposit also contained 
traces of novolac resin and zinc chloride. The Plate-Out was confirmed to have its own 
distinct cross sectional structure. 
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CHAPTER 1: INTRODUCTION 
1.1 Background History 
The growth and development of Thermoplastic Elastomer (TPE) materials began as 
early as the late 1950‟s when both B.F.Goodrich[1] and Mobay Chemical[2] introduced 
thermoplastic polyurethane elastomers to the market place. The change was from the 
conventional chemical cross linking approach to what was termed in its day „virtual 
cross linking‟ By a combination of block copolymer chemistry and careful selection of 
copolymer constituents it was shown that the high glass transition (Tg) urethane rich 
blocks would aggregate on cooling to form hard regions with high levels of hydrogen 
bonding or high levels of crystallinity, producing a type of crosslinking effect.  The 
softer low Tg segments with low urethane content remained mobile lending flexibility 
and mobility to the polymer chains which when combined, lead to an elastomeric type 
material.  
 
In the 1960s Shell Chemical Company
 [3]
 introduced the precursors for what has now 
become the basis for an ever widening range of TPE compounds. These materials were 
based on styrene butadiene and styrene isoprene block copolymers (SBS & SIS) and 
some time later Kraton®, a styrene ethylene butylene styrene (SEBS) block copolymer. 
The principle was the same, phase separation on cooling into hard styrenic 
agglomerations producing pseudo crosslinks and softer rubbery olefinic segments.  As 
the market for these materials grew in the 1970‟s so other TPE types began to emerge. 
 
 In 1972 Du Pont marketed Hytrel® the first polyester block Elastomer
 [4]
.  Uniroyal 
TPR® emerged at this time patented
 [5] 
by the Uniroyal Chemical Company and was the 
first commercially available mechanical blend of polypropylene and EPDM rubber 
(which was not crosslinked) later to be classed with others of its type, using a variety of 
thermoplastics and thermoset rubber combinations as TPO materials, thermoplastic 
olefin elastomers.    
 
The 1980‟s saw another breakthrough in TPE technology. Thermoplastic Vulcanisates 
(TPV or elastomeric alloys (EA)-TPV or dynamic vulcanisates (DV)) became 
commercially available. Monsanto Chemical Company introduced to the market place 
in 1981 a two-phase olefinic-based product, Santoprene
TM
 Thermoplastic Rubber. This 
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consisted of a polypropylene matrix into which had been dispersed a fully crosslinked 
EPDM rubber using their patented technology. Their manufacturing process technology 
produced an olefinic TPE with much enhanced properties over TPO materials. In the 
mid 1980‟s Du Pont also introduced their melt processible rubbers sold under the trade 
name of Alcryn® TPE. These products are partially cured single-phase alloys of 
ethylene interpolymers and chlorinated polyethylenes. The functionality on the ethylene 
interpolymers allows hydrogen bonding with the halogenated polyolefin giving 
miscibility and hence a claimed single phase system. Finally a high performance sub 
group of TPE, the thermoplastic polyamide elastomers, Estamid®, Pebax®, Vestamid® 
also appeared. 
 
Santoprene
TM 
Thermoplastic Elastomer or Thermoplastic Vulcanisate (TPV) can be, 
and is, converted to parts via all of the conventional plastic conversion techniques. The 
aim of this research will focus on the extrusion process and the influence of extrusion 
equipment and process set up on the occurrence of a well documented problem called 
die plate-out. Plate-out is defined, in this context, as a hard deposit that can be found on 
the screw, barrel and die which results in the loss of output performance and ultimately 
extrudate quality. The term „plate-out‟ can be a reference to other extrusion problems 
distinct from a hard deposit and will be discussed in more detail in section 3.5 of the 
literature survey.  
 
Typically this plate-out manifests itself as a deposit ranging in colour from white 
through to brown and can occur within minutes or hours after extrusion or injection 
moulding (typically in hot runner systems) start up. A typical example of this problem 
is shown in Figures 1.1 and 1.2, and was seen to occur on an extrusion screw having 
processed Santoprene
TM  
 TPV for some considerable time. 
 
 The plate-out can happen randomly with Santoprene
TM
 TPV products within a 
manufactured lot, or from lot-to-lot without any changes to the base formulation or 
manufacturing procedures or practices. Some customers report plate-out as an issue 
whilst others, using the same material and lot, do not appear to have a problem. 
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  Figure 1.1. Plate-out in Transition Zone.        Figure 1.2. Plate-out in Metering 
Zone.  
       (By permission of ExxonMobil) 
 
1.2 Objectives of the Research undertaken 
Based on the current internal knowledge of the phenomenon of Plate-Out within 
ExxonMobil and that reported in the public domain, the influence of the chemistry and 
formulation of a thermoplastic or thermoset material on Plate-Out formation has been 
comprehensively investigated and is discussed in detail in the literature research, 
Chapter 2. 
 
The constituents of Plate-Out are seen to have a level of commonality across material 
types consisting predominantly of inorganic components of the formulation. Several 
mechanisms for how the inorganic component arrives at the metal surfaces of 
processing equipment have been proposed (section 2.5.7). What is not fully explained 
and understood is: what influence does combinations of process conditions and 
conversion hardware have on the propensity for Plate-Out to occur? The fact that in the 
case of Santoprene
TM
 TPV, a manufactured lot of material can be used by various 
customers some having plate-out issues and others not, suggests that the process 
condition and hardware used has a significant effect. This study would attempt to better 
understand these influences.  
 
The Plate-Out observed in Santoprene
TM
 TPV is predominantly a hard adhered layer 
which can occur on the extruder screw, barrel and die surfaces. The type of inorganic 
material constituents in isolation, do not adhere to metal. It was expected that a binding 
agent in some form, acts as an adhesive between the metal and inorganic particles/ 
aggregates. The mechanism of formation and nature of this binding agent is not fully 
understood and will be investigated in this study. 
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Whilst the constituents of Plate-Out has been extensively investigated and identified by 
many researchers there is no evidence of any study into whether the plate-out itself had 
any regular form or structure, or was only a random combination of the inorganic 
constituents. Part of the study will investigate the Plate-Out structure. 
 
It is expected that an increased understanding of these aspects of Plate-Out formation in 
Santoprene
TM
 TPV will lead to improvements in the materials manufacturing process 
and a reduction of quality and processing issues at ExxonMobil customers. Specific 
research objectives are given below. 
 
1.2.1 To determine the influence of process conditions and extrusion hardware on the 
plate-out phenomena and in so doing move to recommendations for optimal extrusion 
set ups necessary to prevent its occurrence when fabricating Santoprene
TM
 
Thermoplastic Rubber (TPV) in standard plastics extrusion processing. 
 
This part of the study would be divided into two components. A small scale extrusion 
design of experiments (DOE) study based on two compression ratio general purpose 
screws, two types of ribbon dies and varying process conditions utilising a 
Thermohaake extrusion rheometer. Screw surfaces and cooled melt at various points 
along the screw length would be analysed by infra red analysis and microscopic 
techniques for evidence of Plate-Out formation.   
 
As second large scale extrusion study conducted at the Santoprene
TM
 TPV Newport 
manufacturing plant focused on material and processing variations. Analysis of the 
variants produced using various analytical techniques outlined in the study (Chapter 3)  
 
1.2.2 To obtain greater understanding of the nature and structure of plate-out. 
Utilising infra red spectroscopy and scanning electron microscopy analytical techniques 
to characterise and understand both the nature of the Plate-Out and evidence of regular 
structure in a fully formed sample of Santoprene
TM
 TPV Plate-Out. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 General Definition of Thermoplastic Elastomer (TPE) 
Thermoplastic Elastomer is the generic term used to describe a family of polymeric 
materials that can be processed as a thermoplastic but display a number of 
characteristics normally associated with traditional thermoset rubbers. This family of 
materials, certainly those that are commercially available, can be divided into eight 
classes (Figure 3) based on their chemistry and morphology.  
 
 
Figure 2.1 Sub - Classification of the Thermoplastic Elastomer (TPE) Family. 
 
2.2 General Definition of Thermoplastic Elastomer (TPE) 
To characterise these classes further, Rader and Walker in their introduction to 
thermoplastic elastomers 
[4]
 use cost and performance as the differentiator, De and 
Bhowmick 
[5] 
and Coran 
[6]
 also use these criteria as a distinguishing factor between 
Thermoplastic Elastomer classes. What is clear from the simple schematic, Figure 2.2 
[5]
 is that there is an overlap in the general performance amongst classes, so material 
cost and specific material performance characteristics in relation to the application 
become the deciding factor in material selection. 
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Styrenics
TPO's
Elastomeric Alloys
Urethanes
Polyamides
Copolyesters
Low Cost
High Cost
Low Performance
Commodity
High performance
Specialities  
Figure 2.2  Cost / Performance of Thermoplastic Rubber. 
[5] 
 
As discussed previously, the focus of the use of these materials is in the replacement of 
thermoset rubber in what have been traditional thermoset rubber applications. In order 
for this to occur it is important to understand how these materials compare. The 
polymer industry has traditionally used the heat and oil resistance of materials to 
produce a comparative matrix of performance. 
 
Figure 2.3 Performance Matrix Comparing Thermoset and Thermoplastic Rubbers
[4] 
 
This method of comparison is a carry-over from the automotive industry, where the use 
of a materials selection system called „line call outs‟ enables engineers to quickly 
identify groups of materials that have properties to suit the proposed application. The 
performance matrix does show clearly that thermoplastic elastomers span to great 
extent, the performance window of thermoset rubbers. As heat and oil resistance of a 
material increases, in general so does the cost.  Figures 2.2 & 2.3 can be superimposed. 
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2.3 Comparison Of Thermoplastic Elastomers. 
2.3.1 Basic TPE Chemistry and Synthesis Routes.  
Apart from the materials constructed by the mechanical blending of two primary 
polymer types (thermoplastic olefins (TPO), melt processible rubber (MPR) and 
thermoplastic vulcanisates (TPV), the remaining materials; thermoplastic polyurethane, 
polyester, polyamide, styrenic and the newer metallocene based olefinic elastomers 
(Vistamaxx
TM
, Versify
TM
) derive their properties and characteristics from the block 
copolymerisation of two or more segments of molecularly dissimilar polymers. One 
produces a „hard‟ segment in the polymer chain and the other the „soft‟ rubbery 
segment. Both segments have a direct influence over the final product properties. When 
heated or solvated, the hard segment becomes mobile and polymer flow results. This 
reversible melting / reforming of physical crosslinks is distinctly different from the 
chemical cross-linking in conventional rubbers (Figure 2.4). The chemical composition 
of each phase strongly influences the performance of the TPE. The main factors 
affected are the thermal performance, physical and chemical resistance properties and 
weatherability as a direct result of each phase‟s glass transition temperature (Tg), melt 
transition temperature (Tm) and any chain inconsistencies. Other material properties are 
adjusted via the further addition of other additives and polymers as a secondary 
compounding operation. The following section briefly describes the fundamental 
differences in approach to production of thermoplastic elastomer materials. 
 
 
 
 
 
 
 
 
Figure 2.4 Chemical And Physical Changes. 
[7] 
Block copolymer molecules tend to be linear di or triblock structures for the production 
of these TPE materials, although other variants do exist, radial 
[8]
 being an example. 
The simplest arrangement is an alternating triblock copolymer configuration (Figure 
2.5), of the type A-B-A where A is the hard segment and B is the softer elastomer.   
 
Fluid Melt
Low Viscosity 
Solution
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2.3.1.1 Styrenic based Thermoplastic Elastomer 
These materials are two-phase structures of the type S-E-S. The simplest arrangement is 
an alternating triblock copolymer configuration 
[8]
 of the type A-B-A where A is the 
hard segment and B is the soft (Figure 2.5). The elastomers used commercially are; 
isoprene, butadiene, ethylene co butylene and ethylene co propylene. 
 
In order to display the characteristics of an elastomer, the hard phase must be at the 
extremities of the chain to enable the formation of hard domains during melt cooling, 
the „physical crosslinks‟. Typically each block segment may contain more than 100 
monomer units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Linear Diblock, Triblock And Radial Styrenic Structures. 
[8] 
 
The resulting structure forms a three dimensional network with spherical styrenic 
domains (Figure 2.6). These styrenic end segments as they reform from a melt or 
solvated state are immiscible with the “rubber” phase and therefore there is a high 
probability of agglomeration into various styrenic domains. This effectively structurally 
reinforces the continuous elastomeric phase. It is this structure that produces the 
performance characteristics associated with styrenic TPE, strength and elasticity.  
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Figure 2.6 Schematic of Styrenic TPE Morphology Showing Two-Phase Separation 
into Hard Glassy Polystyrene and Soft Elastomeric Domains. 
 
If the elastomer segment constituted the chain ends, or indeed a diblock structure was 
used, a material with the characteristics of a non-vulcanised synthetic rubber would 
result. The structures of commercial examples of this family of TPE are shown in 
Figure 2.7. 
 
The beginnings of this family of styrenic triblock thermoplastic elastomers started as 
early as the mid 1950‟s with work done by Firestone researchers on lithium metal 
catalysis for high cis polybutadiene. This was a continuation of the use of anionic 
„living‟ polymerisation of polymers developed by K. Ziegler and others in the 1920-
1930‟s. Other researchers, in particular R. Milkovitch of Shell during the mid 1950‟s, 
revisited this type of polymerisation technique. It resulted in the patenting of tri block 
styrenic TPE (S-B-S, S-I-S) in 1962 
[3]
 and a further variant, KRATON G (S-EB-S) in 
1972. 
 
 
Styrene – Butadiene – Styrene (SBS) 
 
Styrene – Isoprene – Styrene (SIS) 
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Styrene – Ethylene – Butylene – Styrene (SEBS) 
 
Figure 2.7 Chemical Structures of Commercial Styrenic Block TPE. 
 
The synthesis (anionic polymerisation) of styrenic block copolymers has been described 
in detail 
[5,9,10]
. The fundamental mechanism for this polymerisation route is via anionic 
initiation of vinyl polymers. There are several potential mono and difunctional initiators 
(US patents 2849,432, 2,856391, 2.913,444) but the organolithium most often described 
is butyl lithium. 
 
CH3 – CH2 – CH2 – CH2 – Li 
 
Figure 2.8 Structure of Butyl Lithium. 
 
This compound (Figure 2.8) is preferred as it is seen to reduce the induction period for 
the onset of the initiation of the polymerisation sequence and the initiation rate is 
substantially higher than subsequent polymerisation. There are three basic routes to 
synthesis described in literature, briefly they are; 
 A] Coupling reaction where the initiation occurs at both ends of the molecule 
 which is then subsequently joined by a coupling or linking agent, e.g. esters, 
 organo-halogens or silicon halides. 
B] Sequential, where the polymerisation begins at one end of the molecule and 
progresses to the other end, then terminated by a proton donor e.g. an alcohol. 
 C] Multi functional initiation, here the initiation occurs at the centre of the 
 molecule and progresses outward from both ends. 
 
Using Styrene Butadiene Styrene as an example, the basic reactions
[9,10],
 are;  
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1.       Initiation 
Under the initiation conditions the lithium disassociates from the molecule producing a 
positively charged lithium cation and negatively charged butyl anion (carbanion), 
Figure 2.9.  
CH3 - CH2 - CH2 - CH2 - Li CH3 - CH2 - CH2 - C:-    +   Li+
H
H
 
Figure 2.9 Organolithium Dissociation. 
 
The free electrons on the butyl anion when coming into contact with a monomer 
molecule, in this case, styrene monomer, the electrons are shared with the adjacent 
carbon atom of the carbon: carbon double bond. This in turn produces a free radical site 
at the other end of the molecule, Figure 2.10. 
 
CH2 = CHCH3 - CH2 - CH2 - CH2 - Li +
 
+
CH2 = CHCH3 - CH2 - CH2 - C:- Li +
H
H
 
CH2 - C:CH3 - CH2 - CH2 - CH2 - 
H
 
Figure 2.10 Chain Initiation Sequence. 
2. Propagation 
This reaction mechanism can now occur whenever a monomer molecule is present. In 
this way the chain length increases (propagation). This stage is the „Living‟ part of the 
reaction sequence, Figure 2.11 and will continue as long as monomer molecules are 
present.  
+CH3 - CH2 - CH2 - CH2 - CH2 - C:
H
[CH2 - CH]
n
Li+
 
Living Polystyrene Chain 
 
Figure 2.11 Chain Growth of Polystyrene Segment. 
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If butadiene monomer is now added (Figure 2.12) to the reaction vessel it too will link 
to the living chain by the same mechanism producing an elastomeric segment. The level 
of monomer present and the number of initiation reactions controls chain length. In 
order to ensure that the molecular weight distribution of the second addition of styrene 
is controlled within the range required a solvating agent is used, such as ether. The 
point of addition of the solvent is critical as this can affect the microstructure of the 
polydiene segment changing the ratios of 1,4 and 1,2 enchainments. 
 
CH3 - CH2 - CH2 - CH2 - CH2 - C:
H
[CH2 - CH]
n
Li+ + CH2 = CH - CH = CH2 
 
Living Polystyrene Chain        Butadiene Monomer 
 
CH3 - CH2 - CH2 - CH2 - [CH2 - CH]
n
[CH2- CH = CH - CH2 ]
n
CH2 - CH = CH - C:  Li+
H
H
 
Styrene -Butadiene Block Copolymer 
 
Figure 2.12  Synthesis of Styrene Butadiene Block Copolymer. 
 
One can see that by the addition of yet more styrene monomer a second block can be 
polymerised onto the living chain, however this is not the case. For some reason the 
styrene monomer will not add to the anion end of a growing polybutadiene chain, in 
order to achieve a triblock structure the chain end has to modified /terminated with a 
functional end cap.  
 
3.Termination 
Termination of chain growth, Figure 2.13, is possible at the appropriate stage in chain 
growth by the addition of a proton donor, an alcohol which will produce a styrene 
butadiene block copolymer rubber or by the addition of a suitable coupling agent for 
example, dichlorosilane to produce the S-B-S triblock copolymer thermoplastic 
elastomer. 
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Figure 2.13 Chain Termination Steps via Introduction of Silane Coupling Agent. 
 
With both S-B-S and S-I-S triblock copolymers there remains within the chain structure 
levels of unsaturation. This limits in particular, the resistance of these materials to 
thermo-oxidative degradation and UV resistance. As a consequence of this two further 
material types were synthesised from the S-I-S and S-B-S precursors, styrene 
ethylene/butylene styrene (S-EB-S) and styrene ethylene/propylene styrene (S-EP-S). 
The route to achieving a saturated elastomer with both S-B-S and S-I-S triblock 
copolymers is via hydrogenation of the residual unsaturation within the elastomer chain 
segment as shown in Figure 2.14 below. 
 
 
Figure 2.14 Structural Change via Hydrogenation. 
[11] 
 
+   R - CH2  - CH = CH   
- C : 
H 
H 
Cl - Si - Cl 
CH3 
 
CH3  
Living Chain End  Dichlorodimethylsilane 
  
  
+ Si - Cl
CH3
CH3
CH3 - CH2 - CH2 - CH2 - [CH2 - CH]
n
[CH2- CH = CH - CH2 ]
n
:C - CH2
H
[CH2 - CH]
n
+ Si -
CH3
CH3
CH3 - CH2 - CH2 - CH2 - [CH2 - CH]
n
[CH2- CH = CH - CH2 ]
n C - CH2
H
[CH2 - CH]
n
2LiCl
Styrene - Butadiene - Styrene Triblock Copolymer (SBS) 
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Taking S-EB-S as an example (the most common commercial product) the butadiene 
monomer can polymerise through either the 1, 4 or 1, 2 double bonds. In order to have 
an amorphous elastic chain segment the level of crystallinity present has to be 
minimised. In the case of S-EP-S this is relatively easy as the hydrogenation of the 
isoprene segment produces in essence an alternating ethylene, propylene sequence with 
regular small side branches inhibiting chain crystallisation. For S-EB-S the case is more 
complex, because polymerisation can proceed through 1, 4 and 1, 2 double bonds, it is 
critical to achieve the correct balance of random distribution of the segment structure. A 
very high proportion of 1, 4 polymerisation will yield a crystallisable polyethylene 
structure or in the case of 1, 2 polymerisation an atactic poly 1-butene, neither of which 
impart the true elastomeric qualities needed. The balance between both types of isomer 
structure is critical to produce a saturated olefinic elastomer midblock that maintains the 
balance between ethylene and butylene characteristics.   
 
2.3.1.2 Synthesis of Thermoplastic Polyesters 
Of this family of copolyester TPE perhaps the most well known are DuPont Hytrel® 
and DSM Arnitel®. The chemical synthesis of this type of TPE has been researched and 
discussed extensively 
[12 - 17]
.  As with the TPU and ester amide TPE (sections 2.1.1.3, 
2.1.1.4) this material derives its elastic properties from the block copolymerisation of 
both hard crystalline and soft amorphous segments. In this case reinforcement or 
„pseudo crosslinking‟ is achieved by phase separation of the hard crystalline portions of 
the polymer chains.     
 
The polymerisation route first patented by Witsiepe 
[12,13]
 describes the synthesis of 
copolyester TPE materials.  In essence a melt transesterification reaction is carried out 
to produce an intra linear long chain and short chain esters units connected head to tail 
though ester linkages. The long chain reaction product (ester) of glycol and 
dicarboxylic acid forms the main repeat unit of these polyesters. A noted feature as 
claimed in the patent is that it is important to have two different short chain ester units 
and 65-85% of these must identical. This is achieved by a trans esterifcation reaction 
combining a poly (alkylene oxide) glycol, poly (tetramethylene ether) glycol with an 
aliphatic glycol, 1,4 butanediol and dimethyl terepthalate. The hard dicarboxylic groups 
are then randomly distributed throughout the subsequent polymer and depending on 
their relative ratio (Figure 2.15) to aliphatic chain segments, produce the elastomeric 
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properties of the material. Hoeschele has described this reaction in detail 
[17]
 by both the 
melt and solid phase polycondensation routes. The reaction sequence is two stages, the 
production of low molecular weight prepolymer followed by further polymerisation to 
the final high molecular weight polyester thermoplastic elastomer.  
 
HO - (CH2 - CH2 - CH2 - CH2 - CH2 - O)- HHO - CH2 - CH2 - CH2 - CH2 - OH + +
1,4 Butanediol Poly(tetramethylene ether) glycol  
CH3 - OH CH3 - O - C - 
=
O
- C - O - CH3  
=
O Bu Titanate / 
Alk. earth salt
+
Dimethyl terephthalate Methanol  
 
x = 12-16, y  = 1-11
- C ------- 
=
O
   - O -(CH2)4 - O - C 
- =
O
[ ]
n = 7-10
n
Hard Segment
[  O -(CH2 - CH2 -CH2 -CH2 -O) - x C - =
O
]-  C - =
O y
Soft Segment
 
 Figure 2.1 Chemical Structure of Hytrel® Thermoplastic Elastomer. 
[7] 
 
The basic reaction sequence is shown in Figure 2.15. The use of a catalyst usually an 
organic titanate, tetrabutyl titanate
[18] 
or alkaline earth metal salt, magnesium 
alkoxide
[12]
 accelerates the ester exchange reaction so limiting thermal degradation of 
the product during polymerisation. It is recognised that the use of antioxidants (diamine 
types) is needed because of the reduced thermal stability of the monomer fragments and 
polymer at the reaction temperatures. The trans esterification reaction is carried out 
between 150 °C – 250 °C, reducing reactor pressure to less than 1mm fractionally 
distils off the methanol by- product.  
   
2.3.1.3 Synthesis of Thermoplastic Polyamide Elastomers 
As with the copolyester and thermoplastic polyurethane elastomers the polyamides 
derive their elastomeric qualities from the combination of soft flexible polyether or 
polyester segments combining with hard rigid polyamide sequences within a regular 
linear chain structure. The condensation polymerisation chemistry has been described in 
detail in literature
 [19-24]
, and the use of different precursors to arrive at variations of 
polyamide thermoplastic elastomers
 [25-27]
. 
 
In essence the synthesis produces a class of 
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copolyetheresteramides (PEEA) or copolyesteramides (PEA) through condensations 
involving the reaction of an aromatic isocyanate with a carboxylic acid to from an 
aromatic amide. This in turn is reacted with aliphatic glycols to produce a thermoplastic 
block copolymer elastomer. A third variant patented by Atochem
 [28]
 and 
commercialised as Pebax® thermoplastic elastomer is described as a polyether-ester-
amide block copolymer (PE-b- A). The general reaction scheme for the production of 
PEA and PEEA is described in Figure 2.16.
  
 
The Atochem patent 
[28]
 claims the production of a linear polyether ester amide block 
copolymer using hexamethylene diamine or nonamethylene diamine with a 
dicarboxylic acid. A prepolymer is produced via a condensation reaction at 
temperatures above 230 °C and a pressure of 25 bars. The polyoxyalkylene glycol is 
then added in the presence of an alkylortho-titanate catalyst [Ti(OR)4], which 
accelerates the conversion to high polymer. This second stage reaction is conducted at 
between 230-280 °C under a vacuum of 0.1-10 torr. 
 
 
Figure 2.16. General Reaction Scheme for the Production of PEA and PEEA. 
[25] 
 
The Atochem patent 
[28]
 claims the production of a linear polyether ester amide block 
copolymer using hexamethylene diamine or nonamethylene diamine with a 
dicarboxylic acid. A prepolymer is produced via a condensation reaction at 
temperatures above 230 °C and a pressure of 25 bars. The polyoxyalkylene glycol is 
then added in the presence of an alkylortho-titanate catalyst [Ti(OR)4], which 
accelerates the conversion to high polymer. This second stage reaction is conducted at 
between 230-280 °C under a vacuum of 0.1-10 torr. 
  
17 
 
It is quite clear that this type of synthesis route can produce a wide variety of 
elastomeric block copolymer variants by simply,  
 Changing the nature of the polyamide block 
 Changing the nature of the polyether block 
 Altering the block lengths 
 Controlling the relative proportions of the blocks present  
 
2.3.1.4 Polyurethane TPE 
Early polyurethane elastomers were generally based around the use of bulky 
diisocyanates of the type, nitro-diisocyanate 
[29]
 and naphthalene-1, 5-diisocyanate 
(NDI) 
[30]
. The mechanism proposed
 [31]
 was that specific linear hydroxyl end capped 
polyester was reacted with excess diisocyanate to form a low molecular weight 
prepolymer. A short chain diol, for example water, was added which reacted with the 
prepolymer causing chain extension via the formation of urea linkages. These urea 
linkages could in turn react further with free diisocyanates to produce a material with 
some elastomeric qualities. The downside was that side chain branching was difficult to 
control and the melting point of the elastomer was higher than the decomposition 
temperature of the urea linkage. This synthesis route was different to the polyurethane 
elastomers (chemically crosslinked) originally proposed by Bayer 
[32]
 and formed the 
basis of the future development of the polyurethane thermoplastic elastomers we know 
today.   
 
Thermoplastic polyurethane elastomers are produced in a similar way to the polyester 
TPE (section 3.3.1.2). They are divided into two types, polyether or polyester based, 
each producing specific property benefits, particularly in regard to chemical resistance. 
 
The synthesis route is not via a condensation reaction as in the polyesters but by                      
„rearrangement‟ or addition polymerisation, here no molecule is split out during the 
reaction process. The elastomeric properties are derived by the copolymerisation of 
three major constituents; 
1]       Diisocyanates (hard segment)  
The most commercially important diisocyanates is, 4, 4‟-diphenylmethane dissocyanate 
(MDI) although others have attracted interest 
[33]
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2] Short chain diol (hard segment) 
These form the „hard segments‟ in the polymer chain when combined with the 
diisocyanate, Figure 2.17. The most commonly used are 1,4- butanediol and to a lesser 
extent, 1,6- hexanediol and 1,4-dihydroxyethoxybenzene.  
3]  Long chain diol (soft segment) 
There are two types, the hydroxyl terminated polyesters and polyethers. These control 
mainly the low temperature performance and solvent resistance of the final 
polyurethane TPE.  It is common to use mixtures of glycols to minimise the level of 
crystallinity and further develop the amorphous rubbery characteristics of the soft 
segment. Examples of typical polyester types are the polycarbonate and 
polycaprolactone glycols and in the case of the polyethers, poly (oxypropylene) and 
poly (oxytetramethylene) glycols. 
A basic synthesis route is shown below,  
 
 
 
 
Figure 2.17. Basic Synthesis Route for the Manufacture of Thermoplastic Polyurethane 
Elastomers. 
[35,36]
. 
 
The two basic processes for the production of polyurethane thermoplastic elastomers 
have been described, the „one shot‟ [34] method and the pre polymer route [35,36]. In the 
„one shot‟ method, all the ingredients are mixed in a reactor vessel in a single step. The 
resultant is a randomly polymerised elastomer. The second route involves the initial 
reaction of the selected disocyanate (in excess) with the polyester or polyether polyol to 
Typical Thermoplastic Polyurethane Elastomer (repeat unit) 
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produce an isocyanate end capped prepolymer. This is reacted with the chain extender, 
a short chain glycol to produce the block copolymer polyurethane TPE. This material 
can be produced via a semi-continuous route using twin screw compounding
 [36,37]
. 
 
2.3.1.5 Ionomers 
The ionomer resins are more speciality polymers and it is a debating point whether the 
early ionomer resins, Surlyn® introduced by DuPont in the early 1960‟s are classified 
as true thermoplastic elastomers. They are limited in hardness to the Shore D plastic 
range whilst other materials previously described have hardness ranges from Shore D to 
very low Shore A (rubber scale). As such, their application is geared towards very 
specific market areas. The product, Surlyn®, is a copolymer of ethylene and 
methacrylic acid, Figure 2.18.  Further work has been described 
[38]
 using different 
polymers in order to extend this group into the true elastomer performance range. Using 
Surlyn® as the example, the method of production of these materials is shown in Figure 
2.18 
[39,40]
. The copolymer is first produced by free radical polymerisation of ethylene 
with relatively low concentrations of methacrylic acid (typically less than 15 mol %). 
The covalently bonded pendant acid groups are then partially or totally neutralised 
using a metal cation, typically sodium or zinc bases. Other cations have been 
investigated and their influence on subsequent material performance reported 
[41]
. The 
neutralisation of the acid units on the main chain forms thermally reversible ionic „ 
crosslinks‟ via strong polar attractions through the anion / cation present aided by the 
essentially non polar nature of the main chain backbone. The metal salt groups form  
aggregates within the partially crystallised morphology. 
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Figure 2.18 Schematic of the Synthesis of Surlyn
TM
 Ionomer 
(39,40) 
 
2.3.1.6 Metallocene catalysed TPE 
The introduction of this new family of materials some of which display TPE 
characteristics occurred in the early 1980‟s. Kaminsky [42,43,44,45] had earlier discovered 
by accident that adding increased amounts of water and the use of an appropriate co 
catalyst (where the Al/H20 ratio was 1:2 or greater 
[44,45]
), group 4 metals particularly 
titanium and zirconium, could be used to produce metallocene compounds for the 
polymerisation of alpha-olefins. This discovery progressed further in the late seventies 
when Kaminsky and Sinn 
[44]
 developed the co-catalyst, methylaluminoxane  (MAO), 
Figure 2.19. This development built on the earlier work by Natta and Breslow
 [42]
 who 
had observed that a titanium complex (Cp2TiCl2) could be used to produce a linear 
polyethylene.  
 
 
 
 
Figure 2.19. Proposed Structure of MAO Catalyst. 
[43]
 
 
[Al  -  O ]n 
CH3 
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The generic structure of the metallocene catalyst is shown in Figure 2.20. It is 
essentially a sandwich structure consisting of two cyclopentadienide ions, which 
combines with a cation, typically in this case, zirconium or titanium. Because the 
charge of both these metals is greater than that of the Cp2 ions, chlorine is used to 
balance the charge, reference „ R‟ in Figure 2.20. This balances the compound formed.  
The bridging link „B‟ in Figure 2.20 can be both an organic or inorganic group 
(typically silicon based) and assists in stabilising the complex‟s structure.   This 
combined with a suitable co-catalyst, typically MAO to produce the catalytic system for 
polymerisation. The reaction mechanism is complex and is described in some depth in 
various literatures. 
[43,44] 
 
Figure 2.20 Generic Structure of a Metallocene Catalyst. 
 
 The benefits of these new types of catalyst are that it now has become possible to 
synthesise olefinic materials for example polypropylene with molecular weights (6-7 
million) much higher than achievable through Zeigler-Natta polymerisation. In 
addition, polymers can be produced with very specific tacticities
 [44-46]
. The metallocene 
catalyst has only one active site unlike Zeigler-Natta catalysts and all the active sites 
have the same reactivity. As such they are much less sensitive to the length and 
structure of the reacting chain. This gives very tight control over molecular weight and 
weight distribution and hence poly dispersity.  Because of this they are also being used 
to produce ethylene-propylene and ethylene-propylene-diene rubbers
[34]
. The 
characteristics of the metallocene catalyst give the resulting polymer very specific 
properties 
[45]
. Amongst the property differences are improved clarity, higher stiffness, 
high gloss and wider density range over conventional polymerisation techniques. By 
tight control of tacticity and / or copolymerisation with other monomers, materials that 
display elastomeric qualities can be produced (for example VistamaxxTM specialty 
Elastomer, a low crystallinity ethylene propylene copolymer). These metallocene 
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catalysts can be employed in most existing olefinic polymerisation processes but 
require some kind of support carrier, typically an inorganic compound. 
[46].
 
 
2.3.1.7 Thermoplastic Vulcanisates (TPV) or Elastomeric Alloys (EA) 
This class of TPE differs fundamentally from those discussed previously in that they 
derive their physical and elastomeric qualities from mechanically combining various 
thermoplastics with, typically, thermoset rubbers and not via chain segment structure as 
in the case of block copolymer TPE. These are essentially two-phase systems further 
modified by the incorporation of fillers and mineral oil plasticisers. The exception is the 
melt processible rubber (MPR), Alcryn® 
[47]
 which is claimed to be a single-phase 
system. TPV materials can be viewed as a further development of mechanical blends of 
thermoplastic with rubber which have been in the market place as far back as 1947 with 
the introduction of Geon Polyblend® by Goodrich 
[48]
 This material was a blend of 
polyvinyl chloride (PVC) and nitrile rubber (NBR) and since that time other workers 
have further developed this and many other TPE blends 
[49,50].
  Of these blends the most 
predominant in recent times have been the TPO materials or Thermoplastic Olefin 
Rubbers, the development and history of these materials being described in depth in 
various literature
[51]
. These are mechanical blends of semi crystalline olefinic polymers, 
mainly polypropylene (PP) and polyethylene (PE) with olefinic rubbers, most 
commonly ethylene-propylene rubber (EPR), ethylene-propylene-diene rubber 
(EPDM)
[52]
. Other rubbers have been used, for example, natural rubber and 
polypropylene or polyethylene blends but these did not have a sufficient balance of 
properties so thermoplastic vulcanisate versions were developed. Commercially these 
TPV‟s have had little impact. 
 
In the case of the first fully cross-linked TPV material to be commercialised, Monsanto 
Santoprene
TM
 Thermoplastic Rubber was a further development of the TPO type 
materials. Coran and co workers
[53-55]
 built on previous research where TPO materials 
had been partially vulcanised improving certain physical properties, compression set, 
heat deformation and oil resistance amongst them. This further improvement in 
properties is discussed in section 3.3.5. Since that time TPV development has seen the 
introduction of various fully vulcanised EPDM: PP TPV materials Sarlink®, 
Forprene®, Uniprene® amongst others. New TPV products have also been introduced 
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commercially, Geolast® (PP: NBR) and Trefsin® (PP: butyl rubber) from Advanced 
Elastomer Systems and Du Pont Alcryn® melt processible rubber. 
 
Taking Santoprene
TM
 Thermoplastic Elastomer as the example of this type of TPE 
material, the main polymer constituents are polypropylene and ethylene-propylene-
diene rubber (Figure 2.21).  
 
Polypropylene homopolymer is the most often used because of its physical and thermal 
properties. This is normally an isotactic semi crystalline material, typically 60-70% 
crystallinity with a crystalline melting point in the range of 155-170 °C.  The glass 
transition of these materials is typically in the range of –10 to 0 °C dependent on 
molecular weight and causes obvious limitations in lower temperature performance. 
This performance deficit can be overcome by the addition of an amorphous rubber 
(EPR, EPDM).  For TPV, the polypropylene selected is normally a high molecular 
weight, material with a melt flow index (MFI) less than 20 in order to maximise 
physical and thermal properties. 
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Ethylene-propylene–diene Rubber (EPDM)    Polypropylene 
                                (ENB Type, Figure 2.22) 
Figure 2.21 Main Polymer Constituents of Olefinic Based TPV. 
 
Polypropylene homopolymer is the most often used because of its physical and thermal 
properties. This is normally an isotactic semi crystalline material, typically 60-70% 
crystallinity with a crystalline melting point in the range of 155-170 °C.  The glass 
transition of these materials is typically in the range of –10 to 0 °C dependent on 
molecular weight and causes obvious limitations in lower temperature performance. 
This performance deficit can be overcome by the addition of an amorphous rubber 
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(EPR, EPDM).  For TPV, the polypropylene selected is normally a high molecular 
weight, material with a melt flow index (MFI) less than 20 in order to maximise 
physical and thermal properties. However, the polypropylene phase can be modified 
with other polypropylene types, particularly with isotactic copolymer polypropylene 
containing small fractions of ethylene comonomer. A random or block distribution of 
ethylene monomer can be used to alter physical and thermal properties as can selection 
by molecular weight, especially for modification of processing rheology. The addition 
of higher MFI, lower melting point copolymers (melting point 145-155 °C) improves 
flow in injection moulding processes but also contributes to a reduction in modulus 
(stiffness) of the resultant TPV. Recent developments in metallocene-derived 
polypropylenes have opened up a new avenue of approach in polypropylene 
modification in TPV materials. 
 
Ethylene-Propylene-Diene Rubber. 
The soft domain in Santoprene
TM 
TPV is produced from EPDM rubber. This is an 
amorphous rubber. As illustrated in Figure 2.22, this is a terpolymer of ethylene, 
propylene and a diene monomer. Polypropylene is added in relatively low levels as a 
random distribution essentially to disrupt the crystallinity of the polyethylene segment 
inducing greater flexibility or rubber-like characteristics. Commercially EPM content is 
reported in weight percentage ethylene and between 45-60% ethylene the rubber is 
completely amorphous and non-reinforcing. With ethylene content greater than this (70 
to 80%) the rubber becomes partially crystalline and hence self- reinforcing to a degree 
giving greater strength. However the disadvantage is a drop in low temperature 
performance and processability. The diene segment is most commonly ethylidene 
norbornene, 1,4 hexadiene or dicyclopentadiene, the structures of which are given in 
Figure 2.22  The addition of the diene segment facilitates vulcanisation of the ethylene-
propylene rubber without the need to use peroxides and in the case of TPV the potential 
for a fully cross-linked discontinuous phase in the polypropylene: EPDM blend. 
Without the diene segment the ethylene propylene rubber is afully saturated and as such 
conventional curative systems based on sulphur or resin chemistry will not work. The 
structure of the unsaturated diene comonomer is such that there is a reactivity difference 
between the unsaturated sites which enables the comonomer to be grafted onto the 
ethylene-propylene main chain using only one active site preferentially. This leaves the 
other pendant site free for further chemical crosslinking. In EPDM rubber the level of 
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residual unsaturation after polymerisation is low compared to other rubbers. Natural 
rubber, SBR and chloroprene rubber have an unsaturated site (C=C) every 4 carbons, 
which are located within the main chain, EPDM has a site every 50 carbons, which are 
located pendant to the main chain backbone. This has the effect of increasing the 
inherent heat, ozone, light and oxygen resistance of the rubber. 
 
Figure 23 Chemical Structures of Diene Comonomer in EPDM.  
 
In regard to diene usage in TPV, ethylidene norbornene (ENB) is the most widely used 
commercially. This is due to its ease of incorporation during copolymerisation, greater 
reactivity in subsequent sulphur based curing and greater control of chain branching 
during polymerisation.   
 
The process by which the TPV is produced is described as Dynamic Vulcanisation.  
This differs from conventional vulcanisation of rubber, which is a static process, in that 
the rubber phase in the TPV is chemically crosslinked during the melt mixing process. 
This melt mixing route has been described by Gessler
[56]
, Fischer
[57]
 and Coran
[53]
 in 
their patents on polymer blends containing proportions of partially or fully cured 
rubber. Here is described the use of conventional two-roll mills, Banbury mixers and 
extruders both single and twin-screw types. Also described are the use of torque 
rheometers for the evaluation and monitoring of the vulcanisation process during melt 
mixing. 
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The commercial dynamic vulcanisation process involving either single screw mixers or 
twin- screw compounders is proprietary. As such little information of the specific 
techniques employed is available. It is known to be a continuous process. 
 
 In broad outline, the process involves the initial mastication and melt mixing of a 
rubber with a thermoplastic and fillers, if any, under strictly controlled conditions to 
achieve a uniform blend. Once the mix has been thoroughly blended, the vulcanisation 
system is added at a point downstream in the extruder. Rapid crosslinking of the rubber 
occurs whilst the blend continues to be mixed. The two-phase morphology associated 
with TPV develops at this time and is crucially dependent on the process conditions 
employed.  
 
The curing systems employed with these TPV materials are typically sulphur based, 
resin cure and peroxide. The resultant TPV properties will be affected in part by the 
curing system employed and the addition levels 
[58,59]
. Care must be given to peroxide 
curing as the peroxide can attack the tertiary hydrogen atom of the polypropylene 
causing a reduction in molecular weight and hence final product properties.  
 
A second and somewhat unique TPV claimed by the inventors, Du Pont to be a single-
phase system called Alcryn® Melt Processible Rubber (MPR). It is a mixed blend of 
ethylene interpolymers with chlorinated polyolefins, details of which remain 
proprietary, as does the method of manufacture. In broadest terms MPR is described by 
Wallace as an amorphous partially crosslinked dynamic vulcanisate. The claim for a 
single-phase system as opposed to two phases is based on the miscibility of chlorinated 
polyolefins with a variety of ethylene interpolymers of differing structure. This claim is 
supported by DSC and Rheovibron data showing a single glass transition point for the 
TPV, indicating complete miscibility of both materials independent of temperature. 
 
2.3.2 Polymer Miscibility 
Often described in literature and discussion is the compatible or miscible nature of 
block copolymers or polymer blends. The terms are often used inter-changeably but are 
in fact two distinct characteristics. In broadest and simplest terms in order for a solvent: 
polymer mixture to be compatible the forces of attraction between the solvent: polymer 
molecules must be equal to or greater than the forces of attraction between the solvent: 
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solvent and polymer: polymer molecules. When the forces of attraction of polymer: 
solvent are insufficient the strongest attractive forces cause those molecules to 
congregate forcing out the other molecules causing separation into two phases as shown 
in Figure 2.23.  
 
 
 
 
 
 
 
Figure 2.23 Schematic of Conditions for Solubility between Solvent and Polymer. 
 
The case for polymer:  polymer mixture is more complex. A compatible polymer 
system is where two distinctly different polymers are able to co-exist in separate phases 
within a polymer mixture below their glass transition temperatures, both lending 
characteristics to the blend specific to each polymer type. Often this type of system is 
described a semi or partially miscible. This is seen in a Differential Scanning 
Calorimetry (DSC) thermogram as distinct glass transition temperatures (Tg), each 
specific to the individual polymer type Figure 2.24. (b). 
 
Figure 2.24 DSC Curves for compatible and incompatible Binary Blends of 
Polyphenylene Oxide (PPO), Polystyrene (PS) and Poly (p-chloro-vinyl 
benzene) (PCIS). 
[60] 
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For a polymer: polymer blend to be truly miscible, where there is a single Tg for the 
system, (Figure 2.24 (a)), the Gibbs free energy of mixing (ΔG) must be favourable, 
equation [2.1]. 
 
G = ΔH – TΔS       [2.1] 
 
Where: ΔH is change in enthalpy (heat content, exothermic or endothermic) 
 ΔS is the change in entropy 
  T is absolute temperature 
 
In this context, ΔS is defined as the state of chain disorder within a given polymer. An 
amorphous polymer would have a high entropy factor, a crystalline, chemically more 
structured polymer a lower level of entropy. In order to achieve total mixing 
(miscibility) ΔG must be negative, chain disorder within the blend must be greater than 
that of each constituent. However, enthalpy (heat content of the materials) must also be 
considered. The change in heat content can be by either absorption (endothermic) or by 
release (exothermic). If a big enough change in enthalpy can occur in an otherwise low 
entropic state, a change can occur. Taking a simple binary blend as an example, above 
the melt transition of the blend i.e. in the melt state, polymer miscibility can be seen 
even with immiscible polymers. This is because the polymers now have a similar state 
of molecular disorder at a high enough temperature. As the melt cools the differences in 
entropy (state of molecular disorder in each polymer) between the polymers causes 
them to separate into distinct and separate phases in the cooled blend. In the worst case, 
where the proportions of both polymers allow, this will be seen as a lamellar type 
morphology with no association between individual layers and hence no property 
enhancement. The composition range over which phase separation occurs is not 
constant and will change with temperature. As temperature increases the point at which 
a blend ratio becomes single phase is termed the upper critical solution temperature or 
UCST.  This is illustrated in Figure 2.25, (a). 
 
Dependent on the proportion of polymer „B‟ the influence of temperature produces a 
parabola of  ranges of single versus two-phase states.  The same can be seen for some 
polymer blends where decreasing temperature causes miscibility to occur (exothermic 
conditions), resulting in a lower critical solution temperature or LCST, Figure 2.25 (b).   
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(a)      (b) 
Figure 2.25.  Schematic of the Boundary Temperatures for the Production of a Single       
Phase Binary Blend. 
 
However superimposed on this, is the stability of the single-phase system during the 
enthalpic change, and is defined as the spinodal curve. This defines the limits within 
which phase separation takes place and by which process it proceeds.  
 
 
 
 
   
 
 
 
 
 
 
Figure 2.26. Phase Diagram showing Spinodal Curve and Metastable Regions within 
the Immiscible Phase. 
 
In the metastable region between the binodal and spinodal curves, two phase 
segregation progresses by nucleation and growth. Within the spinodal region phase 
separation is seen to occur spontaneously. This phase diagram, Figure 2.26, differs from 
that proposed by Flory–Huggins whose theory only addresses UCTS boundaries based 
T 
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on chi (χ) being proportional to 1/T. Flory-Huggins addressed the question of polymer: 
polymer miscibility based on the assumption that polymer chain segments would follow 
the same model as small molecules (solvent: solvent, polymer: solvent) and each chain 
segment would fill one lattice of a lattice site in the same fashion. This theoretical 
modelling approach does not take into account the influence of any molecular 
interactions other than Van der Waals forces. Assuming that these chain segments are 
randomly distributed in the lattice for a mixture of two polymers „A‟ and „B‟, an 
equation for assessing the level of miscibility was proposed, equation [2.2]. 
 
 
                              [2.2] 
 
Where: ΔGmix is the Gibbs free energy of mixing  
 R is the gas constant 
 T is the temperature 
 FH -Huggins polymer-polymer interaction parameter 
 N is the degree of polymerisation 
 is the volume fraction of each polymer. 
  
 
density measurement via Hildebrand solubility parameters using the following 
relationship, equation [2.3]. 
 
                             [2.3] 
 
Where: FH is the Flory-Huggins polymer-polymer interaction parameter 
 Vseg is the volume of one polymer segment 
 δ is the solubility parameters of the two components of the blend.  
 R is the gas constant 
 T is the temperature  
 
Case et al
 [61]
 
melt processible rubber (MPR) more in line with the more complex polymer: polymer 
interactions known to be present. Based on the premise that the Flory-Huggins model 
does not account for specific interactions ranging from dispersive forces to hydrogen 
bonding, Coleman et al 
[60]
 proposed an additional term to account for this, equation 
[2.4]:  
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[2.4] 
 
Where: ΔGmix is the Gibbs free energy of mixing  
 R is the gas constant 
 T is the temperature 
 FH -Huggins polymer-polymer interaction parameter 
 N is the degree of polymerisation 
  is the volume fraction of each polymer. 
ΔGH  is the term describing favourable interactions other than Van der Waals 
interactions 
 
This term accounts for favourable changes to the free energy of mixing arising from the 
contribution of specific intermolecular interactions, particularly hydrogen bonding and 
offsets the unfavourable conditions arising from the combined contribution of   
proportions of polymers and the interaction parameter. 
 
There are occasions where the properties of a single polymer do not meet all the needed 
requirements.  Rather than synthesise a special polymer, ideally, blending or mixing 
with a second polymer should achieve the target requirements, the resultant blend 
having the balance of properties needed.  As discussed this is more complex than at first 
apparent. Taking polyethylene and polypropylene as a simple example, both are non-
polar hydrocarbon polymers and on the basis of “like should dissolve like” one would 
expect those two polymers to easily mix together.  The reality in practice is that they do 
not.  This situation is seen to be the case for many polymer blends. The question of why 
the case for mixing is different for polymers as compared to liquids (solvents) and 
polymer: solvent has already been discussed. The reality is that partially or immiscible 
blends, providing there is a level of compatibility between phases, can provide useful 
materials. An early example of this was the modification of polystyrene, a brittle 
thermoplastic. By blending with a small amount of polybutadiene rubber the brittleness 
of polystyrene is significantly reduced and toughness increased. This blended material 
is known as HIPS, high impact polystyrene. The immiscible polybutadiene rubber 
phase separates out in the blend into small discrete spherical droplets. The relative 
levels of both polymers in the blend will change the phase morphology and hence the 
blend properties generated. As discussed in section 2.3.3.3, Santoprene 
TM
 
32 
 
Thermoplastic Elastomer is a further development of this technology being a blend of 
polypropylene and vulcanised EPDM rubber. However in this case there is at least 
partial compatibility between the phases arising from the olefinic nature of both 
molecules, this is reflected in the higher than expected properties associated with a 
simple blend of these two materials. 
 
Having stated that most polymer blends are of the immiscible type and that the resultant 
properties are governed by the nature of the polymers, it is often necessary to modify 
the blend to maximise these properties. The method to achieving this is via the use of 
compatibilisers. In immiscible blends the phases have very low interactions with each 
other and maximising physical properties is reliant on both phases being able to support 
any stresses or strains imposed on the material. Typically the compatibilisers will be a 
block copolymer consisting of the same or similar components as is present in the 
blend. Taking a blend of polystyrene and polyethylene or polypropylene as an example, 
this blend is immiscible; there is very little interaction between the phases, the entropic 
states of both polymers being very different from each other. The properties of the 
blend are considerably poorer compared with the properties of the individual polymers. 
 
Phase
Interface
Polymer
Phase' A'
Polymer
Phase'B'
Block Copolymer
Segment 'A'
Block Copolymer
Segment 'B'
 
 
Figure 2.27  Schematic of Interfacial Adhesion Improvement via Block Copolymer.
 
 
By the addition of a small amount of an SEBS block copolymer the interface between 
the separated phases can be modified to improve the interfacial adhesion and hence 
produce a general properties improvement. The compatibiliser essentially acts as an 
emulsifying agent which sits at the phase interface with each segment of the block 
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copolymer sitting within the phase most energetically suited to it, as illustrated in 
Figure 2.27. This bridge across the interface provides the mechanical enhancement to 
the blend and hence its improved properties. The use of grafted copolymers may also be 
useful in compatibilisation. It would suggest a polystyrene grafted polybutadiene main 
chain would successfully act as a phase interfacial enhancer with short chain 
polystyrene branches being fully miscible in the styrenic phase of the blend. What has 
also been noted is that with this improvement at the interface the physical size of the 
dispersed phase reduces, again improving physical properties. 
 
2.3.3 Morphology of TPE 
The macro-structure of TPE materials is dependent in part on the chemical nature, 
molecular structure and level of miscibility of the block copolymer or polymer blend.  It 
is the morphology of the polymer that dictates the mechanical performance observed. As 
discussed previously, most commercial TPE materials possess a distinct two-phase 
morphology but several basic morphological types have been identified. Morphological 
states can be: discontinuous sphere, lamellar or rod structures, co-continuous network 
structures including inter penetrating network structures (IPN). In the typical 
morphology one phase is hard, the other soft and rubbery at room temperature. The hard 
phase promotes strength in the TPE preventing flow of the soft elastomeric phase. The 
balance of hard phase to soft elastomeric phase governs the hardness of the material and 
the physical properties attainable. The combined chemical nature of each phase will 
affect the thermal, chemical and processing behaviour of the TPE.  
 
An exception to two-phase TPE types is Alcryn® TPE melt processible rubber (MPR). 
Alcryn® is produced by combining halogenated polyolefin with special ethylene based 
interpolymers. In this case due to chemical compatibility and strong hydrogen bonding 
between the mixed precursors there is complete miscibility and a single-phase material 
results. The supporting evidence to confirm this is a single glass transition temperature 
(Tg) between 0 – 20 °C depending on grade and also a single tan delta maximum 
demonstrated by thermo-mechanical testing 
[63]
. Sperling and Gergen et al 
[64,65] 
discuss 
IPN morphologies in polystyrene with SBR and hydrogenated diene block styrene 
copolymers. In the first case blends of SBR and polystyrene are shown to develop co-
continuous IPN morphologies by the introduction of crosslinking, either semi-IPN 
where only one phase is crosslinked, or full IPN where both phases undergo 
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crosslinking. Domain size is dependent on phase compatibility, level of crosslink 
density and degree of polymerisation. The second example highlights the use of 
increased acrylonitrile content in PVC: poly (butadiene-co-acrylonitrile) mechanical 
blends. The subsequent development of an IPN morphology as acrylonitrile content is 
increased (40%), is enough to produce hydrogen bonding levels suitable for an almost 
single phase morphology. They also observed that the morphological structure can be 
changed by temperature and strain level. Co-continuous morphological structures of 
polystyrene and poly (ether-ester) block copolymer have been studied by Veenstra et al. 
[66]
 who studied the influence of the order-disorder transition, (ODT) of the block 
copolymer and its influence on the development of co-continuous morphology when 
mixed with polystyrene. The ODT is the temperature where the two-phase structure of 
the block copolymer is converted into a homogeneous melt and the influence of 
physical crosslinks is reduced or lost. Although reference is made to the ODT and its 
range no definitive value is given in this study. However, from the results the ODT can 
be presumed to be below 200 °C. They found co-continuous morphologies over the 
range of 30-80 volume percent providing the block copolymer was maintained below its 
ODT during melt blending. They defined the presence of a co-continuous morphology 
when the block copolymer phase of the blend was fully self-supporting once the 
polystyrene phase had been extracted. The self-supporting structural form is 
interconnecting elongated thread like, suggestive of fibres. Annealing of these 
elongated, thread like structures above 200 °C leads to retraction (elongational 
shrinkage) and an increase in phase size and assumed drop off in the co-continuous 
nature of the blend. If there is sufficient physical crosslinking present this effect is 
prevented and stable co-continuous morphologies are possible.  
 
Comparing the morphologies of the remaining TPE materials it is clear that they can be 
divided into two basic types; two-phase morphologies arising from immiscibility levels 
and differences in entropy between block copolymer segments and immiscibility levels 
within polymer blends (with or without compatibilser) and mechanical blends.  
 
2.3.3.1 Styrenic Based Block Copolymer TPE  
The morphology of this type of TPE is based on a hard amorphous polystyrene block 
phase combined with a soft elastomeric phase typically, butadiene (SBS), isoprene 
35 
 
(SIS) or ethylene-butylene (SEBS), Figure 2.6.  The influence of molecular architecture 
on morphology is shown in Figure 2.28. 
 
 
 
Figure 2.28. Stylised Morphology of Styrenic TPE based Alternating Blocks. 
[67] 
 
Dependent on the ratio of styrenic to elastomeric segments the full range of TPE 
morphological types can and have been observed. This TPE material has been studied 
in some depth by many workers referenced in literature, particularly in the area of 
morphology: property relationships 
[67]
.  The influence of triblock styrenic copolymer 
morphology on mechanical properties has been reported by Adhikari et al 
[68]
. They 
evaluated by scanning microscopy techniques the relationship between morphological 
state and property of a range of styrene butadiene block copolymers (SBS). By using 
three differing linear copolymer architectures (Figure 2.29) it was demonstrated that a 
good correlation between determined morphology and morphological types does exist. 
Illustrated is a conventional SBS with symmetric polystyrene (PS) end blocks of equal 
length, SBS with a tapered polybutadiene (PB) transition to the PS block and a block 
copolymer having equal PS end blocks with a homogeneous random distribution of PB 
and PS in the mid block chain segment. In cases one and two, the PS content was 74% 
and in case three 65%.  
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Figure 2.29. Schematic of Polymer Architecture of SBS Triblock Copolymer. 
[68]
 
 
Figure 2.30 below shows the resulting morphologies determined by Scanning Force 
Microscopy from toluene solvent cast samples. These were left under ambient 
conditions for two weeks to allow for the full development of phase-separated 
microstructures. 
 
   
LN1-S74   LN2-S74   LN4-S65 
Figure 2.30. SFM Images of the Developed Morphology of Cast Samples. 
[68] 
 
These photomicrographs clearly show the differences in morphology between the 
differing molecular architectures. LN1-S74 displays typical cylindrical morphology, PB 
cylinders (dark areas) in a PS (light areas) matrix. LN2-S74 produces a lamellar 
structure and LN4-S65 a random distribution of PS cylinders in the PB/PS phase typical 
of TPE materials. The mechanical properties varied with molecular architecture and 
morphology. LN1-S74 had a low strain at break (20%) and high yield stress (27 MPa) 
attributable to the PS continuous phase. LN2-S74 also gave a yield stress point but 
approximately 50% lower than LN1-S74 but with much higher elongation (437%) and 
tensile strength (34 MPa). The more TPE-like LN4-S65 gave no yield stress, had the 
highest elongation (556%) and a tensile strength similar to LN2-S74.  
 
37 
 
A second common styrenic TPE is that based on styrene (ethylene-butylene) styrene 
(SEBS) block copolymers. Typically the base SEBS is further compounded to reduce 
cost and enhance physical and thermal properties. Common additives are polypropylene 
thermoplastic and extender oil. Sengupta et al carried out a comparative study 
[69]
 of the 
morphology and mechanical properties of a dynamically cured TPV based on EPDM: 
isotactic PP: paraffinic oil and SEBS: isotactic PP: paraffinic oil. Unfortunately what is 
not clear from this work is whether the base formulations had been adjusted to give 
comparable hardness levels. This has an impact on the physical performance observed. 
They compared in part, the morphology differences of the SEBS compound when 
manufactured on a Brabender Plasticorder and co rotating twin-screw extruder. Various 
scanning electron microscopy techniques were used to determine the morphology of 
ruthenium tetraoxide stained compression moulded samples, Figure 2.31.  They found 
that a more co-continuous morphology with larger domain size from Brabender mixing 
led to higher tensile properties compared with twin screw compounded SEBS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.31 SEM Images of SEBS: PP: Oil Blend. 
[69] 
 
2.3.3.2 Block Copolymer Polyurethane, Polyester and Polyamide TPE Morphology 
The remaining block copolymer types, polyurethane (TPU), copolyester and 
copolyamide derive their morphology in much the same way as the styrenics. The 
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difference here is that hard phase is derived by crystallisation of particular elements of 
the main chain (Figure 2.32).  
 
 
 
 
 
 
 
 
Figure 2.32 Schematic illustrating the Phase Morphology of Polyurethane, Polyester 
and Polyamide TPE. 
 
For TPU TPE the hard phase consists of short chain diols and isocyanate dispersed in 
the long chain diol soft phase. The influence of hard segment on final properties is 
discussed by Meckel et al 
[70]
. In the case of Polyamide TPE the hard phase is poly (11 
amino-undecanoic acid) or laurolactam 
[71]
. Polyester based TPE morphology is 
reviewed by Adams 
[72]
. Here it is believed that the basic morphology is a lamellar 
structure of co- continuous hard phase existing within a continuous soft amorphous 
phase, Figure 2.33.  
 
 
Figure 2.33  TEM Of Solvent Cast Polyester Film. 
[72]
 
 
2.3.3.3 Mechanically Blended TPE Morphology 
The final group of TPE materials are the mechanical blends, thermoplastic olefin 
elastomer (TPO) or thermoplastic vulcanisate (TPV).  Both types display a distinctive 
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two-phase morphology, the major difference being in the nature and form of each 
phase. 
 
 In TPO compounds the hard phase (in most commercial materials) is generally 
isotactic polypropylene (PP) homopolymer or an isotactic low ethylene containing 
copolymer PP. The soft phase is normally either uncured ethylene-propylene rubber 
(EPR) or ethylene-propylene-diene monomer rubber (EPDM). The diene type, 
ethylidene norbornene (ENB), 1,4 hexadiene (1,4HD) or dicyclopentadiene (DCPD) 
can influence the product properties in both TPO 
[73]
 and indeed TPV materials. Further 
compounding additives, carbon black, oil, fillers and others tend to be in the rubber 
phase at room temperature but can migrate into the PP phase during processing become 
trapped and finally migrate to the surface as a bloom. The morphology of TPO can be 
somewhat complex depending on the rubber type, level of addition and method of 
mechanical blending. Typically the rubber sits within the polypropylene matrix either as 
discrete rubber particles or more normally as a co-continuous phase as illustrated 
below. 
       
 
Figure 2.34. SEM of Fracture Surface of 50:50 EPDM: PP Blend (a) and 
Stylised Morphology Schematic (b).                 (By permission of ExxonMobil) 
 
Thermoplastic vulcanisates (TPV) have been described 
[4,5,6,7,10]
 and investigated in 
some depth by various researchers. Typically the TPV has been based on blends of 
EPDM of the ENB type and isotactic polypropylene thermoplastic where the EPDM 
phase is dynamically vulcanised during the melt mixing of the rubber: plastic blend 
(Santoprene
TM 
Thermoplastic Elastomer). Figure 2.35 shows schematically the 
morphology of TPV materials. However, other TPV materials are now commercially 
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available, examples being Trefsin
TM
 PP: Butyl rubber TPV and Geolast
TM
 PP: NBR 
TPV from Advanced Elastomer Systems.  
 
 
 
 
 
 
 
 
Figure 2.35 Schematic of the Morphology of Santoprene
TM
 TPV. 
(By permission of ExxonMobil) 
 
In the case of EPDM: PP TPV both the cure system employed and processing 
methodology has an impact on subsequent morphology and final material properties. 
Using a sulphur cure system it has been demonstrated 
[74]
 that the phase morphology 
does indeed undergo changes dependent on the manufacturing route. Here three routes 
were evaluated using a Haake torque rheometer with high shear roller rotors for 50: 50 
blends of EPDM and PP. In the first case a static rubber cure was used, the EPDM and 
curatives being blended at low rpm (20 rpm) and then cured under high shear (60 rpm) 
at 170°C for 15 minutes. The cured EPDM was then finely milled before adding to the 
PP and melt blended for 15 minutes at 170°C . The second route mimicked the first but 
the blended EPDM: curatives were not pre-cured. Instead the pre-blend was added to 
the molten PP in the mixer and the dynamic vulcanisation of the EPDM progressed as 
the rubber mixed into the thermoplastic. In the final route EPDM and PP were first melt 
blended under the high shear condition for 15 minutes at 170°C, the curatives were then 
added and vulcanisation occurred during a further 15 minutes of high shear mixing.  
Scanning electron microscopy (SEM) was used to compare the morphologies obtained 
for each type of mixing / vulcanisation method.  The compared morphologies are shown 
in Figure 2.36
[74] 
what is clear is that for a given level of curative, the rubber particle 
size is influenced by the process route. Little difference in EPDM phase size or 
dispersion was seen between the two dynamically vulcanised TPV materials. 
Examination of the mechanical properties show that a TPV produced by firstly ensuring 
 
1   m 
EPDM 
PP 
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the curative package is pre-blended into the rubber before melt mixing promotes greater 
adhesion between the two phases and better properties overall. 
 
 
Figure 2.36. SEM Fracture Surfaces of Dynamically Cured 50: 50 Blends of EPDM: PP 
[74] 
 
Goharpey et al 
[75]
 had concluded that the impact of interfacial adhesion arising from 
level of cure and changes in surface tension of the rubber were crucial in obtaining 
maximum TPV properties. This work used a 60:40 blend of EPDM (ENB type) and PP 
(no clear details regarding type) as a mechanical blend (control) and vulcanised with an 
accelerated sulphur curing system. The materials were blended and vulcanised in a 
Haake torque rheometer, the addition sequence being clearly defined as was the process 
but the type of rotor used was not discussed. Their approach was to remove material 
from the mixer at different points along the torque / time curve for the process and 
conduct SEM studies on the developed morphology at these time intervals.   
 
Based on this analytical study they propose a four stage model to describe the formation 
of a stable TPV morphology, Figure 2.37 
[75]
. The influence of the surface tension of the 
rubber was concluded to reduce as vulcanisation progresses; this is because of elastic 
shrinkage of the rubber as the crosslink density is increased. This combined with an 
increase in interfacial adhesion and further breakdown of the rubber agglomerates leads 
to a stable morphology. 
 
The main disadvantage of sulphur cured TPV is the relatively poor processing 
characteristics observed. The polysulphidic crosslinks undergo sulphur exchange 
reactions resulting in coalescing of the rubber particles and changes in the physical 
properties attainable.   
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The use of a phenolic based curing system gives a TPV with much improved dispersion 
of the rubber phase and improved compression set, chemical resistance and processing 
characteristics. This forms the basis of the now familiar TPV, Santoprene
TM
 
Thermoplastic Elastomer. The influence of the level of phenolic curative on the phase 
morphology of TPV has also been reported by Ellul et al
[76]
. It was found that as the 
crosslink density increased the EPDM domain size reduced and the particle size 
distribution became narrower during dynamic vulcanisation. Both factors confirmed 
observations by other workers that this is key to generating TPV materials with 
optimum properties. 
 
 
      (a) Early Stage of Vulcanisation (co-continuous)         (b) Just before Maximum 
Torque Level 
 
(c) At Maximum Torque Level  (d) 2 Minutes after Maximum Torque 
Figure 2.37 Four Stage Model of Micro-Structural Development in EPDM: PP TPV. 
[75] 
 
The use of a phenolic based curing system gives a TPV with much improved dispersion 
of the rubber phase and improved compression set, chemical resistance and processing 
characteristics. This forms the basis of the now familiar TPV, Santoprene
TM
 
Thermoplastic Elastomer. The influence of the level of phenolic curative on the phase 
morphology of TPV has also been reported by Ellul et al
[76]
. It was found that as the 
crosslink density increased the EPDM domain size reduced and the particle size 
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distribution became narrower during dynamic vulcanisation. Both factors confirmed 
observations by other workers that this is key to generating TPV materials with 
optimum properties. 
 
2.3.4 Rheology of TPE 
The rheology of TPE materials is the study of how they flow under the conditions of 
pressure, temperature and shear. All these conditions are present during the processing 
of TPE materials. Understanding how the material reacts (flows) to variations of these 
conditions during processing is key to obtaining maximum output with optimal quality 
and performance of the component produced. 
 
Basic rheology describes four main types of flow: 
 Dilatant flow- the viscosity increases with increasing shear rate (e.g. beaten egg 
white) 
 Newtonian flow- the viscosity is independent of shear rate (water) 
 Pseudoplastic flow- the viscosity decreases with increasing shear rate (typical 
thermoplastic melt behaviour) 
 Thixotropic flow- similar to pseudoplastic flow in that viscosity decreases with 
increasing shear rate, but the time scale of the experiment also controls the 
viscosity, in that the longer the experiment takes place, the lower the viscosity. 
 
In order to understand the concept of flow and flow differences in TPE it should be 
noted that most flow is of a laminar type, typical of most thermoplastic materials and as 
such can be modelled, Figure 2.38, [a]. There is a distinct flow velocity change 
observed across the melt section during any processing technique as the melt layers are 
dragged between metal surfaces, Figure 2.38, [b]. The equipment for determining the 
flow characteristics of materials over a range of shear rate conditions is most commonly 
a capillary rheometer but other rheometric techniques can also be employed.  
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a) Laminar Flow model      b] Linear Deformation 
 
 
             
     
-1 
)  
   [2.5]  
 
 
 
 
Figure 2.38. Laminar Flow Model. 
 
In accordance with Newton‟s law, the rate of shear (dv / dr) is directly proportional to 
the applied stress, equation [2.6]. 
                 
    γ               [2.6] 
 
Equation [2.7] is the viscosity (η) for linear Newtonian behaviour, 
 
F / A =  η dv / dr    
                     [2.7] 
 
Therefore;  
      
          [2.8]
  
 
 
dv
vv 
dr 
N / m2       =    Pa.s (Nsm2) 
m /s 
m 
 
  m 
η    =    F / A 
dv / dr 
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Graphically represented gives a linear relationship for the fluidity (the reciprocal of 
viscosity) of the polymer, Figure 2.39. 
 
 
Figure 2.39 Viscosity: Shear Relationship. 
 
TPE materials display non -Newtonian viscoelastic behaviour in the melt state. Here the 
rheology combines both viscous flow (e.g. water) the energy from which is dissipated 
as heat and an elastic component where the energy from deformation is stored.  The 
Newtonian model must be adjusted to account for this. However equation [4] for 
viscosity (η) still remains valid but now the viscosity will not be constant. The TPE 
material has inherent structure that needs to be overcome in order for flow to occur, this 
is the yield stress point illustrated in Figure 2.40. This structure is primarily related to 
molecular weight and weight distribution, level and length of chain branching, chain 
entanglement, segmental compatibility 
[77]
 and ease of rotation of main chain bonds, i.e. 
their flexibility. 
 
 
 
 
 
 
 
Figure 2.40  Plastic Flow. 
 
 
Slope of graph = 1/ η = Φ 
(fluidity) 
 
dv / dr 
F / A 
dv / dr 
F / A Yield 
value 
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 As the entangled chains are subjected to a stress the chains extend (stored energy), then 
begin to disentangle and align (viscous flow). What is observed in the case of TPE is 
pseudoplastic flow behaviour; the material viscosity reduces with increasing shear 
stress and shear rate, Figure 2.41. Pseudoplastic flow behaviour can be viewed as a 
combination effect of time independent Newtonian and plastic flow. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.41 Pseudoplastic Flow Behaviour. 
[78]
 
 
The influence of temperature on the melt viscosity of TPE materials varies with the 
TPE type. Styrenic TPE materials have melt viscosities higher than the materials that 
constitute the chain blocks, polybutadiene and polystyrene. In order to achieve a 
homogeneous melt condition high levels of energy are needed to disrupt the polystyrene 
domains. 
[77]
 This is achieved by increasing temperature and shear, as illustrated in 
dynamic viscosity curves, Figure 2.42 
[77]
 and is particularly pertinent to the SEBS 
block copolymers where segmental incompatibility is extremely high.  
 
 
 
 
 
 
 
 
Figure 2.42 Dynamic Viscosity of SBS Block Copolymer at Various Temperatures. 
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This type of temperature influence is also relevant to other TPE types, TPU is more 
sensitive to extremes of temperature and shear which can cause voiding and 
degradation. Polyester based TPE flow is claimed to be more temperature related than 
shear.  What is clear is that in the main, melt viscosity is less sensitive to temperature at 
higher shear rates. For TPV materials the effect between temperature and shear on melt 
viscosity is shown in Figure 2.43. The influence of dynamic vulcanisation on the melt 
rheology of EPDM/PP and NBR/PP blends has been investigated and it was shown that 
the TPV melt behaviour is similar to that of filled polymers and rubber modified 
plastics 
[79]
.It was concluded that the level of dynamic vulcanisation increased melt 
viscosity and the selection of cross-linking agent was highly influential, TPV being 
more shear sensitive than simple blends. Phase compatibility and oil extension were 
also shown to increase melt flow. Jayaraman et al
[80]
  also investigated the influence of 
oil extension of EPDM: PP TPV where the  extending oil soaks the EPDM particles but 
is also present in the polypropylene matrix at the EPDM: PP interface causing some 
swelling of both phases. 
 
  (a)          (b) 
Figure 2.43. Influence of Temperature [a] and Shear Rate [b] on Apparent  
Viscosity of Various Santoprene
TM
 TPV Grades. 
 (By permission of ExxonMobil) 
 
It should be noted that there is a limit to the level of oil the polypropylene is capable of 
accommodating before exudation occurs which relates to PP molecular weight and level 
of crystallinity.  The precise nature of the oil is not cited but is presumed to be a mineral 
oil. The aim in this work was to evaluate the influence of the EPDM: PP: oil 
distribution on the subsequent viscosity of the PP: oil matrix and its effect on the TPV 
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melt viscosity. This was identified as a key influence in rubber particle size generation 
during dynamic vulcanisation and also governed the shape and level of rubber particle 
deformation during flow. The conclusion was that TPV viscosity reduced with increase 
in PP molecular weight arising from its ability to cause greater deformation of the 
rubber particles. Based on this it is possible to engineer TPV materials with a variety of 
flow characteristics to suit specific processes. 
 
2.3.5 Structure: Property relationships 
The ultimate properties achieved in any TPE material are governed by the chemistry, 
nature of the constituents and its morphology. The aim is to produce a product that has 
some of the attributes of a thermoset rubber but with the processing characteristics of a 
thermoplastic. A specific property will vary with the relative proportions of hard and 
soft phases, so a range of TPE materials are available within each TPE group. Specific 
property values of commercially available TPE materials from Santoprene
TM
 specialty 
products are discussed and compared in section 2.3.6 
 
The styrenic, copolyester, urethane and polyamide TPE groups all possess two- phase 
morphology derived from their copolymerisation chemistry. The physical properties are 
dependent on the level of hard phase present, glassy domains in the styrenics or strong 
hydrogen bonded crystalline segments in the others. The mechanical strength and 
modulus (stiffness), abrasion, hardness (can be a limited range), compression and 
tension set, and tear resistance of the TPE above room temperature and below the 
softening point are significantly influenced by the hard phase. The elastic soft phase 
generates the rubber-like properties of elongation, flexure, low temperature 
performance, dynamic properties and to some extent tensile strength by virtue of strain 
induced crystallisation of chain segments. In the case of TPO and TPV materials, 
physical properties are governed in the main by the level of the thermoplastic phase, 
usually polypropylene. The proportion of EPDM or EPR present controls the rubber-
like characteristics of the blends, rubber-like qualities and tensile properties being 
further enhanced by crosslinking (TPV) as shown in Figure 2.44.  
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Figure 2.44 Effect of Crosslink Density on Tensile Strength and Tensile Set of TPV. 
[81]
 
 
It has been clearly demonstrated that a reduction of the rubber particle size (Figure 
2.45), in combination with good dispersion, adequate miscibility and some alloying 
between the polypropylene and EPDM rubber phases leads to a physical property 
improvement far beyond a simple TPO blend or indeed a fine dispersion of micro-
ground fully vulcanised EPDM mechanically blended into polypropylene. 
 
 
 
 
    
 
 
 
 
 
 
Figure 2.45 Influence of Rubber Particle Size on Tensile Properties of Santoprene
TM
 
TPV.       (By permission of ExxonMobil) 
 
Key to the performance of TPE is its thermal properties both in terms of its overall 
performance and ease of melt processing. The glass transition temperature (Tg) of the 
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hard phase governs in part the mechanical performance at room temperature and above 
whilst the soft phase controls the sub-room temperature performance and brittle point. 
In the more polar TPE, a combination of hydrogen bonding and crystalline segments 
restricts overall chain mobility, raising the glass transition point. This is reflected in 
their higher heat distortion temperatures (HDT), melting points (Tm) and service 
temperature compared with the styrenics.  The styrenics  (Tg 90 °C) have an upper 
service performance limited to 90-100 °C without further modification with other 
higher Tg thermoplastic materials (PPO), while the remaining copolymer TPE types 
have somewhat higher service temperatures. The polypropylene based TPO and TPV 
materials fall between the two, being reliant on the thermal characteristics of the 
polypropylene (Tg approx 0 °C, Tm 160-165 °C) to give a continuous service 
temperature up to 135 °C (TPV).  
 
Chemical resistance is determined by the chemistry of the TPE and its morphology.  
Non- polar amorphous TPE materials, styrenics, have somewhat limited chemical 
resistance to a broad range of solvents. This is due to the low solvent resistance of the 
amorphous polystyrene and isoprene, butadiene or to a lesser extent ethylene-butylene 
phases. The more polar copolymer TPE types, copolyester, polyamide and urethane 
have better chemical resistance particularly to non-polar solvents. To polar solvents 
their resistance is reduced but is maintained to some extent by the levels of crystallinity 
present. Further improvement can be achieved in these TPE materials by selection of 
the soft segment, polyether or polyester and molecular structure. TPO and TPV 
materials derive their chemical resistance from the non-polar polypropylene; this in 
essence provides a relatively inert protective layer around the EPR or EPDM rubber 
phase. Crosslinking of the rubber does provide some improvement in chemical 
resistance by restricting the level of swell in some solvents.  
 
Electrical insulation properties are dependent on the level of polarity present in the 
TPE.  Most TPE materials will give a level of electrical insulation.  Here the essentially 
non-polar olefinic TPO and TPV materials and SEBS TPE (dependent on other 
compounded polymer and additives) display good to excellent electrical insulation 
properties. They possess high resistivity, low dielectric constant and very low power 
factor over a range of temperature, frequency and humidity. Because of their inherent 
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polarity the other TPE types have what could be generally termed moderate electrical 
performance to some extent influenced by their more hygroscopic nature. 
Environmental resistance of TPE types is a key consideration especially for outdoor 
applications, particularly in the automotive sector. All the TPE family are susceptible to 
a greater or lesser extent to the effects of high energy UV radiation. The effect can 
range from colour changes to embrittlement and degradation.  Because of this carbon 
black and other UV energy absorbers are used to extend the service life of the material. 
Other considerations are the effect on properties / function of combinations of heat, 
oxygen, ozone and water (or other chemicals). The polyurethane TPE is for example, 
more susceptible to light and water. In TPV the addition of carbon black and / or UV 
stabilisers produces materials that can withstand the vigorous Kalahari weathering 
testing (most SEBS compounds are seen to fail) and other accelerated weathering / 
ageing tests.  
 
Figure 2.46 Retention of Tensile Strength and Ultimate Elongation of Shore A 
Santoprene
TM
 TPV during Accelerated Desert Ageing. 
[82]
   
 
Figure 2.46 shows the results of accelerated desert ageing of a mid range hardness 
(Shore A 73) Santoprene
TM
 TPV. The influence of carbon black as an energy absorber, 
is clear, neither grade contained any other commercial UV stabilisers. 
 
Table 2.1 is an illustration of some of the performance characteristics for different types 
of TPE. The table has been constructed to reflect the chemistry and morphology of each 
TPE group. The data were obtained from various commercial sources and ranked based 
on comparative performance with other TPE types. It should be noted that the 
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performance rating given is in essence a broad summation of performance, and 
individual TPE grades within a given family could give performance values beyond that 
suggested.  
 
2.3.6 Comparison between TPO and TPV Properties 
The structure: properties relationship was discussed in general terms in section 2.3.5. In 
this section a comparison of some of the key physical, thermal characteristics of a 
mechanical blend of polypropylene and ethylene propylene diene rubber (EPDM) TPO 
and a vulcanised TPV. Further property data are also provided for Santoprene
TM
 TPV. 
The data shown in Tables 2.1 – 2.4 are examples of typical properties taken from 
commercially available literature. The respective test standard is quoted where 
available. 
 
Table 2.1 Illustrative Summary of some Performance Characteristics of TPE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References: Data sourced from References 4, 5 and ExxonMobil Product data sheets 
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A fundamental characteristic of this family of materials is their ability to provide some 
of the physical characteristics associated with thermoset rubbers. Table 2.2 compares 
and contrasts some key property differences between a vulcanised and non-vulcanised 
EPDM rubber phase for TPE with similar hardness. What is shown clearly is the 
influence of vulcanising the rubber phase on the resulting tensile properties. In the 
softer hardness grades both TPO and TPV display typical rubber-like deformation 
behaviour showing a lack of defined yield point.   
 
Table 2.2 Tensile Property Comparison of TPO and TPV Materials. 
 
Reference: ExxonMobil Product data sheets 
 
The co continuous phase morphology and lack of crosslinking in the EPDM gives the 
TPO much improved strength and elongation properties at room temperature compared 
to a TPV of equivalent hardness.  In the harder Shore D range, the TPO becomes 
distinctly more plastic-like in its deformation, at these hardnesses the rubber content is 
reduced and has significantly less influence on any reaction to applied stresses. The 
polypropylene is now the strongest influencer on performance. This is not the case with 
the TPV, the homogeneous distribution of discrete rubber particles still allows the 
material to still display a more rubber-like behaviour. 
 
A key attribute associated with rubber materials is their ability to recover from an 
imposed load. This is especially necessary in the area of sealing and stretching under a 
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wide variety of service conditions. TPO materials whilst being flexible do not have 
good recovery properties.  
 
Both the lack of crosslinking in the rubber phase combining with the creep behaviour of 
the polypropylene causes permanent, non-recoverable „set‟ in the material even at room 
temperature (Table 2.3).  This precludes their use in many sealing and other application 
areas where recovery from applied load is important.  The discrete rubber particles in 
the TPV cause a comparative drop in tear resistance compared to TPO but only under 
ambient conditions. TPV continues to give acceptable tear resistance even at elevated 
temperatures. The flex fatigue of TPV is excellent out performing chloroprene, EPDM 
and chloro-sulphonated thermoset rubbers 
[83].
  
 
Table 2.3 Physical Property Comparison of TPO and TPV Materials. 
n/a – data not available. 
All material Product Data Sheets (PDS) – appendix 1-4 
 
Table 2.4 Comparison of Thermal Properties of TPO and TPV. 
All material Product Data Sheets (PDS) – appendix 1-4 
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The thermal properties of TPO and TPV are compared in Table 2.4. The low 
temperature brittle point is comparable between TPV and soft TPO but the stronger 
influence of the polypropylene phase in the hard TPO raises the brittle point 
significantly. Although not shown, the low temperature impact performance is good for 
both TPO and TPV. Because of the lack of crosslinking of the rubber in the TPO 
material, the upper service temperature is limited. A general overview of property 
variations between TPO and TPV is shown in Figure 2.47. 
Both TPO and TPV display linear shear thinning behaviour in the melt condition. It is 
possible to generate melt flow rate MFR values for TPO but due to the different 
rheological characteristics of TPV, it is not possible to achieve a consistently repeatable 
MFR value. Because of this, TPV melt flow characteristics are defined by generating 
capillary rheometry curves over a range of shear rates at different temperatures, Figure 
2.48. A standard temperature (204 
0
C) is used for Quality Assurance purposes and the 
viscosity at 1200 s
-1
 is taken as the standard value.   
 
 
 
 
 
 
 
 
 
 
Figure 2.47  Property Variation between TPV and TPO of Similar Hardness. 
[84]
 
 
It has little relevance to the extrusion process where shear rates are typically in the 
range of 80 to 220 s
-1
 or injection moulding where higher shear rates upto100,000 s
-1
 
can be encountered. Melt temperature has much less influence on flow with TPV than 
TPO, Figures 2.48 and 2.49. Comparing a standard grade of Santoprene 
TM
 TPV with 
VistaFlex 
TM
 TPO, it can be seen that the TPO has a lower melt viscosity and higher 
melt flow capability. It is also seen that the Santoprene 
TM
 TPV there is a convergence 
of viscosity at lower shear rates independent of temperature. This effect is discussed 
further in section 2.3.7. In order to improve the melt flow of Santoprene TPV for more 
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demanding injection moulding applications (thin section or long flow lengths) it is 
necessary to modify / change the nature of the polypropylene phase.  
 
Figure 2.48 Viscosity: Shear Rate Curves for Standard Grades of Santoprene
TM
 TPV. 
 
Figure 2.49 Viscosity: Shear Rate Curves for VistaFlex
TM
 TPO. 
[84]
 
 
Tables 2.5 to 2.7 compare some key properties and the differences (from published 
literature) between a mid-range Shore A hardness (rubber scale) Santoprene 
TM
 TPV 
and an example of a Shore D hardness (plastic scale) grade. Where applicable, test 
methods used to generate the data are quoted. Both products are black grades. The 
purpose is to highlight the wide range of properties available by careful selection and 
manipulation of the TPV compound constituents. The TPV grades range from Shore A 
25 to Shore D 50 hardness scale including both natural (light brown), black and using 
alternative cure chemistry (proprietary) white colourable Santoprene
TM
 8000 grades. 
This wide range allows for grade positioning in all market areas including demanding 
static and semi-dynamic sealing applications in the automotive, construction and 
medical markets where „rubber-like‟ properties are required. 
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Table 2.5 Heat Aging Comparison between Shore A 64 and Shore D 40 Santoprene
TM
 
TPV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reference: Physical Properties Brochure (TPE-06-09 E (T) 
(By permission of ExxonMobil) 
 
 
Table 2.5 illustrates that the influence of heat aging on Santoprene
TM
 TPV is largely 
independent of hardness. Heat resistance is related to the saturated chain structure of 
both the fully cured EPDM and the polypropylene. At extended time periods above the 
recommended upper service temperature (135 
0
C), in this case 150 
0
C, the resistance 
performance drops and this can be attributed to thermo-oxidative degradation of the 
polymer arising from volatilisation of antioxidants and oxidation of process oil. 
 
The inherent chemical resistance (Table 2.6) is very good across the hardness range, the 
reason being, the chemical resistance afforded by the continuous polypropylene phase 
to the EPDM particles. As expected, this type of TPV is resistant to solvents of a polar 
nature and to a lesser extent non-polar solvents. The degree of swell also is reflected in 
the proportion of EPDM present in a particular grade, the softer the grade the higher the 
EPDM content, therefore less polypropylene and greater susceptibility to swell.   
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Table 2.6. Fluid Resistance Comparison between Shore A 64 and Shore D 40 
Santoprene
TM
  TPV. (Extracted from Fluid Resistance brochure, by permission 
of ExxonMobil) 
 
 
 
 
 
 
 
 
 
 
Table 2.7 Weathering and Electrical Properties Comparison between Shore A 64 and 
Shore D 40 Santoprene
TM
 TPV. 
 
(By permission of ExxonMobil) 
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2.3.7 Processing Santoprene
TM
 TPV 
The linear flow relationship of shear rate to viscosity does prove to be an advantage in 
processing Santoprene TPV. It enables the material to be processed equally well in low 
shear processes (10 –220 s-1), extrusion, blow moulding, vacuum forming or high shear 
injection moulding (10,000 – 100,000 s-1). The material is able to accommodate this 
wide range of processes because the melt viscosity responds more readily to work done 
than to a temperature increase, Figure 2.50. For the low shear processes the melt 
integrity is such that the material retains enough melt strength to enable profile, parison 
and stretching to occur without melt tearing. The limiting factor in extrusion blow 
moulding is the EPDM content, below approximately Shore A 64 the parison is prone 
to tearing with a blow ratio greater than 2.  
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Figure 2.50 Shear Rate and Temperature Effects on Santoprene
TM
 TPV Melt Viscosity.     
      (By permission of ExxonMobil) 
 
The two principle conversion techniques are injection moulding and extrusion. For all 
conversion processes there is a requirement to dry all Santoprene
TM
 TPV grades 
(exception being Santoprene 
TM
 8000 Series) before processing. Santoprene TPV is 
slightly hygroscopic due to the resin cure chemistry employed.  The chart in Figure 2.51 
illustrates the influence of drying time on the moisture content. Utilising a desiccant 
type or air-circulating drier it is possible to achieve low moisture contents. This helps to 
reduce or remove gate silvering, poor surface finish and internal voids in injection 
moulding and poor surface, voids, dimensional instabilities and plate-out in extrusion.  
From the graph it can be seen that a minimum drying time of 3 hours is required to 
reach the maximum moisture level suitable for all types of processing. 
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Figure 2.51 Drying Time of Santoprene
TM
 TPV at the Recommended 80 
°
C. 
(By permission of ExxonMobil) 
 
Santoprene
TM
 TPV can be used to produce from simple single material extrusions to 
multi material / grade complex profiles and tubes.  The machines die construction and 
after process requirements are discussed in more detail in section 3.4
[85]
. These 
materials have a good green strength lending stability to the extrudate and generally 
exhibit low levels of die swell. The softer grades below Shore A 87 do not need 
calibrating unless combined with for example, a polypropylene in a co extrusion 
situation.  Tables 2.8 and 2.9, Appendices 01, 02 outline the basic requirements for 
producing top quality Santoprene extrusion. This does not include the changes that 
might be required in a multi material situation where other drivers may dictate the 
process set condition. 
 
2.4 Single Screw Extrusion Process 
Extrusion process manufacturing is commercially the second most important 
thermoplastic / thermoplastic elastomer manufacturing process after injection moulding.  
This conversion technique is a much lower pressure process and to a large extent is less 
costly compared with injection moulding and has the advantage of being potentially a 
continuous operation unlike the cyclic nature of moulding. This method produces parts 
that have a constant cross section in the direction of extrusion whether the resulting 
extrudate be tubular, sheet, rod or complex profile in shape in a huge variety of forms 
and sizes. It is common to find that for general-purpose extrusion applications single 
screw extruders are used. Twin screw manufacturing processes are used predominantly 
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where the benefit of a starved system aids the extrusion processing performance 
(incorporation of liquid additives, melt homogenisation, reaction processes, de-
volatilisation and for reducing shear sensitivity in some polymers) and overall product 
quality.    
 
In the case of manufacturing from TPV type materials the most commonly used 
machines are the various types of single screw extruders. Understanding the function 
and influence of each major component of the typical extrusion line and its possible 
effect on the melting, conveyance and forming process is crucial in attempting to 
understand the plate-out phenomenon, its causes and cures.  
 
The extrusion process is in essence a fairly simple concept. It involves taking a basic 
feedstock, typically in powder or granular form, transferring by means of an 
Archimedean screw along a heated chamber and through a forming unit then rapidly 
cooling to maintain the formed shape. In the case of thermoplastic materials this results 
in a ready to use semi or completely finished product. With thermoset materials a 
secondary curing process needs to be carried out either in line or off line before the 
product can be made useable.  A conventional extruder is illustrated in Figure 2.52, the 
size of which will depend on the size and output requirement of the part. As with any 
process there is the potential for variations in process performance and these variations 
can have a direct impact on product quality
[86]
 and are discussed in more detail in 
section 2.4.1.  
 
Figure 2.52  Basic Extruder Arrangement. (By permission of ExxonMobil)). 
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2.4.1 Extrusion Problems 
There is much potential instability within the extrusion set up. The focus here is on 
those instabilities directly associated with the extruder itself not down line equipment.  
These instabilities can be broadly categorised into five groups, associated with, 
 Material conveyance 
 Melting and mixing  
 Process temperatures 
 Shear 
 Extruder pressure 
There are various types of instability 
[86]
 within each group, all of which can have a 
direct impact on process and part quality, either in isolation or combination with other 
instabilities. 
 
Material conveyance instabilities tend to be of a random nature where feeding of 
material is irregular either arising from inconsistent pellet feeding from the bulk hopper 
or forward conveyance of material in the initial feed section of the screw, Figure 2.56. 
Regrind addition level, size and size distribution can be significant. In the case of feed 
hopper related instability, the material form, size and size distribution, propensity to 
agglomerate, use of material regrind and general state of dryness can all contribute to 
output and quality variations including poor mixing efficiency. Within the extruder, 
solid conveyance instabilities are associated with forward motion of the pellet and 
subsequent break up of the solid bed.  
 
Melting process issues are related to the relative differences between barrel wall and 
screw surface friction. The material forward motion is inconsistent due to excessive 
slippage against the barrel wall causing amongst other things surging. Under normal 
conditions (for metering screws, within the output capability of the screw design) the 
change from solid pellet to complete melt occurs within the transition zone of the 
screw. Solid bed break up occurs when excessive forces are generated within the 
transition zone and a melt film is generated on the screw surface too early causing the 
bed to fracture (so full melting does not occur). A grooved barrel feed section has been 
shown to assist in overcoming feed instability often combined with a barrier screw 
design discussed in section 2.4.2. Melt conveyance instability is mainly associated with 
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the screw metering zone design, mainly flight depth related and the zone length for the 
targeted output. 
 
In the feed section of a screw, the solid bed takes up the entire channel width and then 
generally becomes narrower as the material melts and forms the melt pool behind the 
solid bed. The solid bed ratio represents the fraction of the channel that contains solid 
material along the screw length. It is an indication of the melting rate or melting 
capability of the design. Ideally, the solid bed ratio would start at 1.0 (100% solid 
material) in the feed section and gradually decrease to zero as the solid bed melts and 
the melt pool starts to form behind it. Sometimes, the solid bed width 
 
 
 
 
 
 
 
 
 
Figure 2.53  Schematic illustrating Solid Bed Break Up. 
 
does not decrease continually and is predicted to increase. This “expansion” of the solid 
bed squeezes out the melt channel and results in an imbalance that can break the solid 
bed or result in a surge condition. The break up of the solid or the surge generally 
means that particles of resin become encapsulated by the melted material and do not 
have exposure to the necessary shear stress to melt and mix properly. They then appear 
as “gels” or more accurately “non-melts” in the final product. 
 
Mixing inconsistencies are related mainly to the screw geometry and can be greatly 
improved by the inclusion of specific mixing sections in the metering zone of the screw, 
Figure 2.57.  Some improvement can also be achieved by adjusting the die head 
pressure and hence pressure profile in the barrel and by reducing the amount of material 
at the feed throat (starve feeding). This reduces pressure build up in the feed section and 
in so doing reduces early agglomeration of formulation components.   
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The pressure profile generated within the barrel assists with the melting homogeneity 
and ensures a consistent and constant delivery of material to the die head. Pressure 
fluctuations cause surging and hence dimensional instabilities in the extrudate.  Ideally 
the pressure profile in the barrel should be at zero in the feed throat region, gradually 
increasing through the transition zone and becoming constant in the metering zone, as 
illustrated in Figure 2.54. This gradual pressure increase allows air entrapped in the 
bulk material and to some extent volatiles (mainly surface moisture) to naturally vent 
backwards towards the feed port.  
 
 
 
Figure 2.54 Example of an Ideal Extrusion Pressure Profile.
[87] 
 
The influence of temperature variations within the process can have a significant effect 
on extrusion quality. It is accepted that preheating the feed material before entry into 
the barrel can assist in overcoming insufficient melting capacity arising from poor 
screw design selection. In terms of melting efficiency, temperature control of the barrel 
is crucial as is the ability to profile the temperature range along the screw length. Figure 
2.55 illustrates an example of the ideal melting profile in an extruder. If the material is 
heated to its melting point too early (in the feed section) then feed instability can occur 
as pellets stick prematurely to the barrel wall. It can also cause blocking of the feed 
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throat of the machine. A balance of temperature versus material residence time and 
good design is required in order to avoid material degradation related issues (coloured 
specks, voiding, fuming, loss of material properties).  All of these process 
inconsistencies may have an influence on the generation of plate-out within the process. 
 
 
Figure 2.55 Example of a Preferred Extrusion Melting Profile. 
[87]
 
 
2.4.2 Extruder Screw Geometries 
The correct screw design for a polymer is critical for achieving maximum output 
performance and extrusion quality. Womer 
[88]
 introduces the basic requirements of a 
screw design and illustrates the key differences between conventional single screws, 
barrier and two stage screws. The key message is a thorough understanding of material, 
material rheology and equipment available; all will govern the screw design approach 
taken. 
 
The basic function of the screw is to deliver material to the forming die in a condition 
that allows parts of acceptable quality to be produced.  This involves converting a 
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„solid‟ pellet into a homogeneous melt before delivery to the die, Figure 2.56.  
Dependent on the material type (crystalline or amorphous), its melt rheology and any 
requirement for mixing the screw design will vary (section 2.4.3)  
 
Feeding  Compression  Mixing 
Transportation  Melting  Homogenisation 
 
 
 
 
 
 
 
Figure 2.56 Three Basic Zones of a Typical Extrusion Screw. 
(By permission of ExxonMobil) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.57 Examples of Screw Geometries Commercially Available. 
[88] 
Feed 
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30 – 40 % 
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In the feed zone the polymer drops from the hopper onto the screw root and is conveyed 
forwards by the screw flights. This section finishes as the material begins to melt. There 
is a multiplicity of screw designs available to accommodate the wide variety of 
materials, rheology and mixing and vapour removal processes employed today. The 
extruder screw is the engine of the machine; it defines the efficiency of the whole 
process. All the various designs that are available today follow the three basic zones 
previously described, some of which are illustrated in Figure 2.57 
[89]
.  Of these the 
most favoured currently is the barrier screw 
[90]
, which when used in combination with a 
grooved barrel feed zone can improve output rate and feed rate stability.  This benefit is 
less if output rates are low and so a conventional screw with mixing element may prove 
satisfactory. Solid bed break up is removed, as the bed melts it transitions forward 
within its own screw channel via a restrictive barrier flight. This leaves behind the 
unmolten polymer.  
 
2.4.3 Influence of Screen Packs and Breaker Plates 
The screen pack and breaker plate are positioned at the end of the extruder just before 
the die assembly or in some instances, a static feed pipe. The melt exiting the metering 
section of the screw is forced through the screen pack and breaker plate assembly, 
Figure 2.58. The example given is the standard arrangement for Santoprene
TM
 TPV. As 
the material passes through it builds up extra heat via the shear imposed by the screen 
type and size. In some instances, for shear sensitive materials, the screen pack may not 
be used. This however does come with some serious potential consequences to the 
process and extrusion quality. 
 
 
 
 
 
 
 
Figure 2.58 Screen Pack and Breaker Plate Assembly. 
(By permission of ExxonMobil) 
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Typically the screen pack is assembled using screens of varying mesh size, the finest 
mesh (also the weakest) supported by coarser mesh screens (lower number represents 
coarser mesh size).  These then sit against the breaker plate, Figure 2.58. Normally the 
screens used are of a square weave construction but other types of screen do exist. 
Table 2.8 illustrates the basic types of screen mesh available and their usefulness in the 
extrusion process, Figure 2.59 illustrates examples of mesh and sintered metal screens. 
As shown in Table 2.8 each screen type has varying ability to capture and retain 
contaminants depending on its type. 
 
Table 2.8 Screen Mesh Types and Screening Efficiency. 
[89] 
Contaminant Wire Mesh Type 
  Metal 
Fibre 
Square 
Weave 
Dutch 
Twill 
Sintered 
Powder 
Gel capture 5 1 2 3 
Contaminant 
capacity 6 2 3 3 
Permeability 4 4 1 2 
   (ranking: 1poor – 6 best) 
 
Gels and un-melted particles tend to be soft and compliable therefore easy flow paths, 
associated with square weave (Figure 2.59 (b)) and dutch twill do not retain such 
contaminants, so metal fibre and to some extent sintered metal screens, Figure 2.59 (a) 
are preferred. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.59 Square Weave and Sintered Metal Screens. 
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If filtering the melt is not really important then the higher permeability square weave 
type screens are most often selected. This is based on relative material cost and the 
longevity of the screen in use, meaning reduced machine down time. In essence the 
screen pack is used to protect the die by filtering out particulate matter, by assisting in 
melt mixing and homogenisation, and adjusting the pressure profile down the barrel. 
 
 
Figure 2.60  Breaker Plate. 
 
The breaker plate, Figure 2.60, is the supporting structure to the screens but it also 
converts the rotational flow of the melt induced by the screw into laminar flow as it 
passes into the die. The size and number of holes in the plate also influences the 
pressure profile generated in the barrel.  As implied the breaker plate is a restriction to 
flow therefore it is very important that on the screw side of the plate any dead spots are 
minimised. 
 
2.4.4 Die Design 
The die is typically constructed from tool steel which can be given a further surface 
treatment to aid performance, for example; nitration for improved wear resistance, 
nickel plating (electro less) improves corrosion and wear resistance and chrome plating 
for improved corrosion resistance and surface finish  but tends to have shorter life due 
to its inherently porous structure. Polished die surfaces are not recommended for 
processing Santoprene
TM
 TPV The die controls the final shape of the melt as it exits the 
extruder. In order to accomplish this, the die needs to be constant and consistent in its 
delivery of the melt at specific temperature and pressure. There are many types of die 
used today to manufacture articles ranging from flat sheet to complex profiles and 
including single and multiple material combinations
[ 91,92]
 Figures 2.61 & 2.62. 
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Figure 2.61 Single Plate Profile Die Design for Santoprene
TM
 TPV. 
(By permission of ExxonMobil) 
 
 
In the context of the intended research the die type most used is the profile die often 
associated with automotive and construction sealing systems (Figure. 2.62). These tend 
to have wide variation in section, geometries and often include varying material 
combinations all of which have an influence on material flow characteristics and 
process and melt temperatures. The melt feed design at the back of the die is the most 
significant in attaining full extrusion performance and profile quality. It is here that 
balancing of melt velocities and pressure drop control occurs, Figure 2.61. Traditionally 
this melt flow balancing of the die has been reliant on the skill and experience of the die 
designer to gauge the required melt feed channel and pool along with a number of on-
line iterations to achieve the final die balance. More recently computer software has 
been launched commercially to assist die designers in assessing the impact of modelled 
designs before cutting dies. Flow 2000TM and  PolyflowTM   are examples of this type 
of software.     
 
Rear view Front view 
Dia 20 x 6 mm deep 
Dia 20 x 6 mm deep 
12 x 6 x 5 mm deep 
+ 1mm radii 
9 x 4 x 5 mm deep 
+ 1mm radii 
Dia 6 x 5 mm deep 
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Figure 2.62 Multiple Die Plate Assembly for Melt Flow Rate Balance of a Typical 
 Santoprene
TM
 TPV Automotive Window Profile.  
(By permission of ExxonMobil) 
 
The die land is the short (typically 0- 30 mm) length of parallel section, Figures 2.63, 
2.64, leading to the die exit. The function of the die land is primarily to stabilise the 
melt flow and ensure that the melt having been strained through the screen pack and 
breaker plate is re-fused and die lines (weld lines) removed. Increasing die land length 
has the effect of increasing back pressure and hence restricting melt flow thereby 
encouraging fusion of the separated melt streams. This is further assisted by the 
convergent nature (by design) of the melt channel(s) in the die, typically 30 
0
. This is 
also the zone of highest pressure in the extrusion line and its design strongly influences 
the process barrel pressure (in the worst case causing increased leakage flow), melt 
temperature, output rate and output consistency. Therefore there are limitations on the 
land length that would be practicable for a given application.  A common rule of thumb 
used for land length is 10 times the profile section thickness (unless foaming the profile 
where maximum die swell is encouraged).  
 
The die land also strongly influences the profile quality on the die exit side, in particular 
the level of die swell. As the polymer melt is transported through the process 
particularly through the die under high pressure and progressively narrower flow 
channels, the normally coiled polymer molecules are stretched and to some extent 
separated.  
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Figure 2.63. Internal Geometry of a typical Profile Die. 
 
 
 
 
 
 
 
 
 
 
Figure 2.64 The influence of Die Land Length on Die Swell. 
 
Through the die orifice section there are a variety of melt flow velocities ranging from 
zero at the melt: metal interface in the die (drag effects) to a maximum velocity in the 
melt at the centre of the die orifice. This parabola type flow through the die induces 
both tangential and axial stressing in the melt. As the melt exits the die the constraining 
pressure instantly drops to zero and the melt is able to respond elastically allowing the 
axially stretched polymer chains to recoil. This recoiling is seen as die swell as 
illustrated in Figure 2.64 and factors affecting the level of die swell listed in Table 
A2(a) appendix 02.  This swell effect is reduced by, amongst other things, extending the 
die land. The melt is given more time within the die at the process temperature allowing 
the strained chains greater opportunity to relax and recover. In the case of Santoprene
TM
 
TPV, the level of die swell varies according to the melt temperature, shear rate, melt 
flow rate, melt viscosity, land length, section thickness and TPV hardness. For TPV 
with a hardness of less than Shore A 87, die swells between 5-15% can be expected 
dependent on melt temperature and other process related constraints. At hardness 
Die land 
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greater than Shore A 87 the swell increases up to 20% due to the greater influence 
exerted by the higher polypropylene content. Clearly die under or over sizing is needed 
in combination with haul off draw down to achieve final profile dimensions. 
 
2.4.4.1 Die Exit Geometry 
Due to the inherent recovery of the profile immediately after exiting the die, the shape 
changes in comparison to the orifice shape in the die front plate. This change can be 
dramatic and is dependent on process temperature, pressure and output rate, the melt 
strength of the material and the rate of cooling across the profile section. 
  
 
Figure 2.65 Die Exit Geometry Adjustment to Achieve a Square Section Profile. 
[90]
 
 
In order to achieve a specific cross section it is often necessary to adjust the die exit 
shape to accommodate the swell observed in the extruded profile. Figure 2.65 illustrates 
the die exit form necessary to be able to extrude a square sectioned profile. Without 
taking account of the die swell the required square section would become rounded in 
form. Another important factor is the section thickness. Whenever possible, it is 
preferable to have a profile of constant wall section to achieve a balanced output melt 
velocity and even cooling. This quite often requires the use of cores to hollow out 
thicker sections, or the use of ribbing in the profile design. 
 
2.5 Extrusion Plate-out  
2.5.1 Definition of Plate-out in Extrusion Processing  
 Plate-out can be defined as the unwanted deposition of components of a polymer 
formulation onto the surfaces of the extruder screw and barrel, often in the die and in 
Profile 
shape 
Profile 
shape 
Die 
exit 
Die 
exit 
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some cases the extruded profile calibrates. This phenomenon is sometimes referred to 
as die lip build up or die plug. 
 
It is distinctly different to the extrusion problem referred to as die drool, die dross, die 
moustache or in some cases, die lip build up. Here the issue is related to the build up of 
material on the die exit face and most commonly, it is not the disassociation of 
formulation ingredients but an unwanted build up of the material itself. The root cause 
is usually associated with incorrect die geometry and/or processing conditions. Unlike 
plate-out, this condition is readily observed and to some extent can be monitored and 
cleaned during the extrusion run. Plate-out on the other hand is predominately an 
unseen internally occurring phenomenon, the exception being plate-out in polyvinyl 
chloride extrusion where it is also observed on extrusion calibrators 
[93]
 and on the die 
lips 
[94]
. This condition can occur in a very short time after extrusion start up or develop 
some hours into the extrusion run. In either case it does eventually lead to severe 
processing and extrusion quality issues requiring eventual line closure and equipment 
cleaning at cost. Because of this, extensive research has been and continues to be 
conducted attempting to understand the root causes and remedies. It is clear from the 
background research that this is phenomenon has not been extensively investigated in 
the case of thermoplastic elastomers, particularly the dynamic vulcanisate types. What 
is not clear is whether this is because it does not occur often enough to be serious 
problem in the market place or investigations are concentrated and contained internally 
with the materials manufacturers. 
 
The issue of plate-out formation is recognised as common to many thermoplastics and 
thermoset rubbers containing additives such as extending fillers, pigments, lubricants, 
stabilisers and plasticisers and not only seen in extrusion but also occasionally in the 
injection moulding process.  
 
2.5.2 Definition of Die Plate-out in this Research Context 
 Plate-out is defined, in the context of this research, as a hard deposit that can be found 
adhered to the surface of screw, barrel and die resulting ultimately in the loss of output 
performance and ultimate extrude quality. Although calibrators are sometimes used on 
the harder grades of Santoprene
TM
 Thermoplastics Elastomer, plate-out has not been 
observed and so will not be included in this research. Typically plate-out is a coloured 
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deposit, ranging from white through to brown that can occur within hours or days after 
extrusion start up. The colour variation could be associated with thermo oxidative 
degradation as suggested by Holtzen and Musiano
[95]
 or a result of different 
compositions of the plate-out itself. 
 
2.5.3 Example of Extrusion Die Plate-out  
Within ExxonMobil Chemical extrusion testing has been developed to assess the 
potential for die plate-out to occur in extrusion grades of Santoprene 
TM 
TPV. In the 
first test method a rod die having two diameters, 1mm and 2mm (Figure 2.66) is fitted 
to a Reifenhauser 50mm diameter extruder in combination with a high shear screw.  
The process is run under standard conditions with a screw speed of 10 rpm and a die 
temperature of 230 °C. The test lasts 6-10 hours and measures die head pressure change 
and die deposit with high pressure, temperature and long residence time. This test does 
not reflect any deposits occurring on the screw/barrel.      
 
The test monitors the change in die head pressure with time and reviews the die 
condition once the die head pressure change (ΔP) reaches a maximum of 30 bar. An 
example of the condition of the plates when plate-out has occurred is shown in Figure 
2.67 and an actual occurrence of plate-out on a customer die is shown in Figure 2.68. 
Both conditions clearly show the distinctive white deposit on the metal surface.  
    
 
 
 
 
 
 
 
 
 
 
 
Figure 2.66 Plate-out Test Die Construction. 
(By permission of ExxonMobil) 
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The test monitors the change in die head pressure with time and reviews the die 
. An 
example of the condition of the plates when plate-out has occurred is shown in Figure 
2.67 and an actual occurrence of plate-out on a customer die is shown in Figure 2.68. 
Both conditions clearly show the distinctive white deposit on the metal surface.  
 
 
 
 
 
 
 
 
Figure 2.67 Typical Die Plate-out. 
(By permission of ExxonMobil) 
 
 
Figure 2.68 Flow Channel Plate-out. 
(By permission of ExxonMobil) 
 
The second test is an extrusion quality test to evaluate the change in extruded profile 
quality. The detail is given in Table A3, appendix 03. It monitors several extrusion 
quality issues, plate-out being one of them. 
 
In this test, plate-out can be monitored via the change in die head pressure, extrudate 
surface smoothness, profile dimensional changes (usually the thin sections change first) 
and output variation over time. An example of the change in profile dimension and 
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surface quality is illustrated in Figure 2.69 for a lot number of Santoprene
TM
 121-58 
W175 (extrusion grade).  
 
 
 
          
 
 
 
 
 
 
 
Figure 2.69 Profile Changes with Processing Time. 
(By permission of ExxonMobil) 
 
2.5.4 Extrusion Screw Plate-out  
Screw plate-out issues are not as well documented as die plate-out for the extrusion of 
Santoprene 
TM 
TPV. This is most probably due to the fact that unless the situation 
causes serious output issues or changes in the process control conditions, it is masked 
by the general clean down maintenance procedures and as such goes largely unreported.  
The examples shown in Figures 2.70 are of a general purpose (GP or olefinic screw 
design) 32 mm diameter screw that had been processing Santoprene 
TM
 101-64 W175 
extrusion grade for approximately ten months.  
 
 
 
Figure 2.70 Plate-out on GP Olefinic Screw after 10 Months production. 
(By permission of ExxonMobil) 
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During this time die plate-out has been a consistent issue causing the process to be 
stopped every 8 to 24 hours. The plate-out on the screw was observed in the transition 
and metering zones, the feed zone being clean and polished. The situation in the barrel 
was such that in the metering zone where the worst of the plate-out was observed, the 
chrome plating had been attacked and lifted off in some places. This situation was an 
isolated and extreme case, no documentation has been found to illustrate this level of 
attack elsewhere in the world. Figures 2.71 – 2.72 show more typical examples of levels 
of plate-out that are observed occasionally after the extrusion of Santoprene 
TM   
TPV. 
 
Interestingly, what is noticeable is that the form the plate-out takes in coating the screw 
does appear to be different. This would suggest a potential change in deposition 
mechanism, sequence and / or plate-out chemistry or a reflection of some change in 
process condition, and requires investigating. 
 
 
 
 
     
 
  
 
 
Figure 2.71 Examples of Typical Extrusion Screw Plate-out. 
(By permission of ExxonMobil) 
 
The term screw plate-out also encompasses the exit point of the material from the barrel 
into the die assembly. Here again plate-out deposits can sometimes be seen. Plate-out 
has been observed on the breaker plate, Figure 2.72 and on the screw tip, Figure 2.73. 
Here the plate-out is seen as the grey/white deposit on the metal surfaces. Importantly 
all the deposition areas seen are located in areas of low melt flow velocity and where 
strong laminar flow is likely to be prevalent. This aspect is worthy of further 
investigation.   
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Figure 2.72 Plate-out On Breaker Plate.                Figure 2.73 Screw Tip Plate-out. 
(By permission of ExxonMobil) 
 
2.5.5 The Constituents of Plate-out. 
As previously described plate-out is a fairly common occurrence across a wide range of 
polymeric materials. Background research (section 2.5.6) has indicated that there is a 
common theme regarding actual plate-out constituents across all these materials, in 
particular PVC
[96]
. In essence, plate-out consists primarily of inorganic components of 
the materials formulation typically; fillers, curing components and stabilisers with 
lower levels of organic components present.  Taking the example of severe screw plate-
out shown in Figures 2.70, some cursory work was carried out to establish the plate-out 
components, Table 2.09. The FTIR analyses of the samples were run on a Nicolet 
Magna 560 ESP infrared spectrometer. Elemental analysis was run using standard 
procedures in the Exxon Mobil Chemical Laboratories, Machelen, Belgium.  
Irrespective of where the sample was taken on the screw, the major constituents 
remained the same. What is unclear from the results is the relative proportions of these 
constituents and this warrants investigating further in the research project. 
 
Table 2.09 Analysis Results of Plate-out Components. 
 
 
MATERIAL [1] [2] [3] 
MAJOR 
CONSTITUENT 
Tin  chloride        
Zinc Chloride 
Tin  chloride        
Zinc Chloride 
Tin  chloride        
Zinc Chloride 
OTHER Santoprene
TM
 
TPV 
Santoprene
TM
 
TPV 
Santoprene
TM
 
TPV 
TRACE   Iron [<1ppm]   
 
[1] Residue found in residual black Santoprene rubber removed from the screw. 
[2] Flakes from transition zone of screw 
[3] Flakes from metering zone of screw.  (By permission of ExxonMobil) 
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Energy Dispersive Spectroscopic (EDS) analysis (Table 2.11) shows the following 
elements were the components of the plate-out in evaluation of different grades and 
manufactured lots of the same grade. 
 
Table 2.10 Compositional Analysis of Santoprene
TM
 TPV Grades by Lot Number. 
 
 
Grade Lot # Major Component Minor Component 
121-67W175 NCK3055 Sn, Cl, Zn Al, Si 
121-67W175 NCL3003 Sn, Cl, Zn None 
201-64W175 PCH4064 Zn, Cl Sn, Al, Si 
 
(By permission of ExxonMobil) 
 
Here we can see that there is a suggestion of compositional variation between the major 
components. In Santoprene® 201-64 W175 a natural extrusion grade, tin (Sn) is not 
seen as a major component of plate-out. The product is broadly the same hardness (64 
Shore A versus 67 Shore A) and the manufacturing route is the same. The major 
difference is that 121-67 W175 contains relatively low levels of carbon black pigment. 
Care should be taken with the data however as the limited information available may 
not be statistically valid but warrants further investigation. 
 
2.5.6 Factors Affecting Die Plate-out 
Very little information exists regarding plate-out formation in the extrusion of 
thermoplastic elastomers. There has been significant work done by many workers in the 
area of plate-out in thermoplastic and thermoset rubber extrusion and indeed in the 
injection moulding process. The types and nature of plate-out ingredients appear to 
have a common theme. Based on the commonality of the constituents of plate-out 
across material types and processes, any of the proposed mechanisms could be equally 
applicable to its formation during the processing of thermoplastic elastomers.  The 
factors affecting plate-out can be divided into two distinct areas, those associated with 
the base material chemistry and the formulation constituents and those related to the 
conversion process itself, in this case extrusion. Some factors proposed by workers in 
the field of plate-out formation include: 
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Chemistry Related: 
 Influence of lubricants [97,98] 
 Thermal stability of plasticisers [99] 
 Chemical attractive forces and chemical cross-linking [100] 
 Type and geometry of inorganic additives [101]  
 
Process Related: 
 Metal surface condition [101]  
 Rheological differences and inadequate distributive mixing [95]  
 Volatiles (including water) acting as a carrier condensing in lower pressure 
regions
 [93]
  
 Melt condensation and Thermophoresis [95]  
 
What is clear is that there appears to be no single factor that can be deemed the initiator 
of the plate-out phenomenon What needs to be addressed is what combination of 
chemistry, additive and process condition is required for a specific material to display 
plate-out and how this interaction takes place. 
 
2.5.7 Potential Plate-out Mechanisms 
In essence, all the proposed mechanisms centre on the transport of predominantly 
inorganic substances; extenders, pigments, stabilisers to metal surfaces either in the 
barrel, die or in the case of polyvinyl chloride (PVC) in extrusion profile calibrators. 
The areas within the extruder line where plate-out are seen to occur is predominantly in 
areas of low pressure and/or shear. The forward velocity of the melt is at a minimum 
allowing the plate-out constituents to impact and adhere either chemically or physically 
to the metal surface. What various workers have extensively discussed is the transport 
method itself but how the plate-out adheres often remains unanswered. It is clear that 
the polymer formulation constituents play an important role in the mechanism of plate-
out formation and subsequent deposition.  Lippoldt 
[95]
 suggested that for a PVC 
compound containing tin stabiliser, hydrocarbon external lubricant, calcium stearate 
and inorganic salts, plate-out could be generated if certain process conditions were met. 
It was postulated that in this particular case the route to developing plate-out with this 
PVC formulation involved six distinct steps: 
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(1) During processing the molten hydrocarbon lubricant dissolves a proportion of 
the tin stabiliser depending on proximity and contact opportunities within the 
melt phase. 
(2) At temperatures above 175 
o
C this solution could solubilise normally insoluble 
calcium stearate in the melt depending to an extent on the stabiliser structure 
and calcium stearate dispersion / distribution forming a complex. 
(3) The complex is then adsorbed onto the surface of the inorganic salts present in 
the formulation (in this case calcium carbonate and titanium dioxide) reducing 
the surface polarity of the salt making it more easily wettable in the hydrocarbon 
lubricant and enhancing agglomeration. 
(4) The molten hydrocarbons now containing agglomerates are released from the 
PVC melt in low compression areas of the extrusion process. 
(5) As decompression occurs the melt temperature also drops at the cooler metal: 
plastic interface. As the melt reaches the critical solution temperature (CST) of 
175
 o
C, the inorganic agglomerates precipitate out from the hydrocarbon as a 
gel. 
(6) The gel-inorganic mixture collects at the metal surface and due to pressure and 
temperature the agglomerate structure condenses forcing hydrocarbon fluid out 
(synerisis). This solidified film resists erosion by the melt and facilitates further 
deposition. 
 
Work carried out by Parey 
[102]
 found that for lead stabilised formulations the CST was 
between 175 - 195 
o
C. In this temperature region severe plate-out was seen. This 
suggested mechanism is in broad agreement with Lippoldtl 
[95] 
and Choi and Drexler 
[97]
 
through their work on barium-zinc- cadmium stabilised PVC concluded in this case, the 
use of a lubricant (stearic acid) at levels between 0.25 phr and 0.9 phr were beneficial in 
the reduction of plate-out in PVC wire coating compounds. Experimentation at 
Loughborough University 
[92]
 concluded that this mechanism was equally applicable to 
both lead and lead free systems. These examples suggest that the influence of lubricant 
is strongly dependent on the combination and type of formulation ingredients and 
processing temperature.  What is unclear is whether this resistance to re-dispersion into 
the melt is related to chemical or physical bonding to the metal surface. 
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 The influence of plasticiser type on the generation of plate-out in PVC has also been 
investigated 
[99]
, by incorporating four different plasticisers (at the same addition level) 
into a control PVC formulation and examining the propensity for plate-out by two roll 
milling the compound at 150
 o
C for 15 minutes, removing the compound and 
immediately milling with a special clean up compound. Any plate-out was picked up by 
the clean up compound resulting in a colour change (total colour difference value, delta 
E) the level of which was measured using a Hunter Colour Difference Meter. The 
results indicated that the selection of a plasticiser having a high decomposition 
temperature contributed to a drop in plate-out level. The mechanism is not fully 
discussed but can be presumed to be a combination of oxidative degradation 
[97]
 and 
possibly chain scission providing a transport mechanism and increased propensity to 
react with inorganic / organic formulation components via free radical formation and 
hence the metal surface. This could also be attributable to hydrocarbon mineral oils and 
other low molecular weight materials. 
 
Leskovyansky 
[100]
 proposed a mechanism for plate-out formation in PVC compounds 
via attractive molecular forces to complement mechanisms based on phase equilibria 
and solubility. 
[97]
. The essence of the mechanism is the attractive forces generated by 
organic functional groups (via unsaturation, free radicals, oxidative degradation, 
carboxyl or peroxide group formation) and oxidised metal surfaces. 
 
1) He suggested that organic compounds containing sulphur, oxygen or nitrogen 
were particularly effective in co- coordinating with metals. This resulted in 
adhesion to metal surfaces. 
2)  Continuing reactions in the melt causing cross-linking or grafting of organic 
components of the formulation to the adhesive layer against the metal. This then 
forms the basis for inorganic components to become mechanically entrapped or 
chemically adhere.     
3) Finally the generation of highly cross-linked, dark coloured, degraded material 
caused by dehydrochlorination of the PVC in the plate-out area. 
 
He suggested that although stearic acid is used as an abherent  in PVC formulations it 
too can become an adherent at elevated temperatures. Any unsaturation present could 
be attacked by free radicals in the melt causing crosslinking to occur. This was 
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demonstrated by comparing a commercial stearic acid lubricant (containing carboxyl 
groups and unsaturation) and a distilled commercial grade methyl stearate (less 
carboxyl groups) in PVC. When melt mixed on a torque rheometer the compound 
containing the stearic acid was seen to stick to the mixing bowl, the other did not. This 
indicated that step 1 of the proposed mechanism, the formation of an adherent layer had 
occurred.   
 
The influence of processing conditions on plate-out has also been extensively 
investigated and the influence of geometry, metal condition, and process parameters on 
plate-out generation assessed. The influence of metal surface condition on plate-out in 
ethylene-propylene-diene monomer rubber (EPDM)
[101]
 has been investigated. 
Comparing a standard ground metal die surface (via the use of die plate inserts) with 
polished and fluoralkyl silane treated surfaces it was found that the smoother polished 
surface gave the minimum generation of plate-out. Allied to this was the influence of 
filler particle geometry. It was also found that fillers having a lamellar (plate like) 
structure caused more plate-out than fillers of spherical structure, with coarser particle 
size also helping to reduce build up on the metal surface. The hypothesis was that 
lamellar fillers had a greater propensity to align and orientate under shear and 
elongational flow conditions accumulating at the metal surface in the areas of highest 
rate. The filler particles are separated out without being moved along by the shear 
stresses of the moving compound. In order to to minimise this effect, wall slippage was 
required. Wall slippage could only occur once the stresses in the compound flow 
direction were greater than the normal stresses acting on the metal surface. Metal 
roughness contributed to plate-out acting in accord with the stress by changing the 
coefficient of friction at the compound: metal interface. For a rough surface and normal 
stresses greater than the shear stress in the flow direction there would be no wall 
slippage and plate-out would occur. The conclusion of this piece of work was that the 
key parameters for minimising plate-out were the metal surface roughness and the 
plastic-viscoelastic properties of the compound and the removal of lamellar type fillers. 
This hypothesis is in broad agreement with Busman et al 
[93]
 who attributed plate-out in 
cadmium-zinc stabilised PVC compounds to the oxidation of iron in the steel of 
extruders generating a rough metal surface allowing excess lubricant to build up. Here 
the suggestion was that plate-out formation was related to thermal stability of the 
compound and occurred in high-pressure regions of the machine. 
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Holtzen and Musiano 
[95]
 related die plate-out in extrusion machines to the rheological 
properties of the material being processed and inadequate distributive mixing of 
formulation components. They made use of the Deborah Number (De) equation [2.9], a 
dimensionless quantity to relate the time (l) a homogeneous melt spends going through 
a particular change in flow geometry to a maximum time constant for the material flow 
(t) in the extrusion process itself. 
 
De = l / t       [2.9] 
 
What was found was that as the Deborah Number increased so does the possibility of 
plate-out. This was attributed to an increase in flow instabilities such as vortex flow in a 
general converging flow channel, particularly in the die. Material that plated out 
displayed oxidative degradation related to an increase in residence time at temperatures, 
associated with the vortex flow within the die. Changing the rheology of the material 
(molecular weight, weight distribution or structure) and the shear rate (output rate) 
influences the generation of plate-out. This was also demonstrated using capillary 
rheometry and specially constructed dies. They also examined the effect of degree of 
mixing of components of a formulation, in this case using a master batch of rutile 
pigment white (TiO2) in a low density polyethylene carrier resin let down in low density 
polyethylene. Plate-out constituents both in the extruded film and on the screw were 
examined by Scanning Electron Microscopy and Energy Dispersive X-ray analysis. It 
was concluded that if complete mixing is not achieved in the screw then phase 
segregation of the material components can occur in both the melt transfer pipes and die 
leading to plate-out formation. Lower viscosity components (e.g. lubricant) migrate 
towards the high shear metal surfaces and the higher viscosity material towards the 
centre of flow.  Phase compatibility, relative viscosities and proportions of each 
component are key to ensuring complete mixing. 
 
The presence of moisture has been shown to influence plate-out formation in PVC.
 [93]
 
Its presence has been seen to cause plate-out at levels as low as 0.05 phr and it is 
suggested the level of plate-out is probably linear with water content. The mechanism 
proposed is that the water (primarily from the stabiliser system) is converted to steam 
and contained under high pressure within the melt. Insoluble particles are carried into 
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this gas phase, as the material exits the die the steam escapes and deposits the insoluble 
ingredients on the calibrator surfaces.  Moisture has also been seen to cause severe 
plate-out in Santoprene
TM
 TPV fire retardant grades. Plate-out occurred in all areas of 
the screw apart from the feed zone, in the feed pipes and die. Changing the material‟s 
drying regime to a longer time at higher temperature dramatically reduced plate-out 
levels. The root cause mechanism was not investigated but it can be assumed that the 
moisture present acted as a transport medium for the deposition of flame retardant 
additive to the metal surfaces. Whether moisture level plays a role in plate-out in 
extrusion grade Santoprene
TM
 rubber has not been investigated to date. 
 
To further add credence to the hypothesis of volatile condensation as a possible 
mechanism for plate-out it has been proposed 
[95]
 that thermophoresis combined with 
condensation of the melt predominantly on the screw but also the barrel cause plate-out. 
The suggested mechanism is that a temperature gradient exists within the melt of each 
screw flight section with cooler material at the metal surfaces, the screw root and barrel 
wall. This temperature gradient causes filler and pigments to migrate to the cooler areas 
where they deposit building up a sequential layer.   
 
It is clear that any combination of the above mechanisms could exist for a given 
material and process condition in the formation of plate-out. The key is attempting to 
understand which they are, how to overcome them and so reducing or ideally removing 
plate-out in the process. 
 
2.5.8 Summary of literature Review  
The literature review has positioned Santoprene
TM
 TPV within the general family of 
thermoplastic elastomers (TPE) in the class of dynamic vulcanisates. The process by 
which the EPDM rubber is vulcanised (cross-linked) is a continuous twin screw 
extrusion process where the EPDM rubber formulation is first masticated then mixed 
with the polypropylene and the dispersed EPDM rubber is then vulcanised within the 
polypropylene. Adjustment to the type of polypropylene used and the ratio to the 
EPDM rubber allows for a wide range of hardness to be produced (Shore A 25 to Shore 
D 50). 
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The morphology of these vulcanisates is based on a polymer mixture similar to the 
thermoplastic olefin class but with a unique and distinct morphology. This morphology 
of finely dispersed fully vulcanized EPDM particles within a continuous polypropylene 
matrix is different to that of the co-continuous morphology of the thermoplastic olefins 
where the rubber phase remains non-vulcanized. It is distinctly different to the other 
material classes within the generic TPE family where the route to achieving TPE 
properties is derived during synthesis of the block copolymer. 
The method of manufacture produces a thermoplastic elastomer having a broad range of 
physical, chemical, thermal, electrical and environmental properties commensurate with 
a fully saturated polymer. Enhancement of the physical properties over an equivalent 
mechanically blended TPE of finely ground vulcanised EPDM rubber in a continuous 
polypropylene matrix is believed to be due to a small level of chain grafting between 
the EPDM rubber and polypropylene during the vulcanisation step. 
The issue of plate out, its formation and deposition has been seen to cause significant 
dimensional instability and quality of extruded profile in conjunction with extruder 
instability and loss of output. Plate-out is seen typically on the extruder screw, 
sometimes on the barrel and in the die itself as a hard deposit that gradually builds up 
over time. The areas of deposition of inorganic particulates are those areas within the 
extrusion hardware where there are temperature changes and lower shear rates. The 
point within the extrusion process where the initiation of plate-out occurs has not been 
defined. 
Literature cites two main causal areas of plate out, relating to the chemistry of the 
formulation and those related to the process employed. All are generally related to some 
form of a transport medium that enables inorganic particles/agglomerates to migrate to 
the metal surfaces. There are several theories proposed all of which could have 
relevance for plate out formation in Santoprene
TM
 TPV.  
How the inorganic materials in Santoprene
TM
 TPV achieve the level of adhesion to 
metal surfaces, where and what causes the initiation of plate out formation in the 
extruder and any structural significance of plate out is not properly understood today.  
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CHAPTER 3: EXPERIMENTAL WORK 
3.1 Introduction to University and Industrial based Experimental Work 
3.1.1 Project Plan Outline 
As discussed in section 2.5.2, the root cause of the random occurrence of plate-out in 
Santoprene
TM
 TPV is not well understood. In order to begin to attempt to understand 
the influences of various elements of the extrusion process and any interactions, two 
experimental routes were taken. The program of work explicitly excluded in depth 
analysis of the chemistry involved in the manufacture of Santoprene
TM
 TPV, this 
remaining proprietary to the company.  
 
A University based small scale extrusion study centred on a Design of Experiments 
(DOE) approach was adopted. A second approach was industrially based, involving 
both the AES Newport manufacturing plant production process supported by company 
process and analytical laboratories based in Brussels.  It was anticipated this combined 
approach would highlight the key process variables involved in plate-out generation in 
Santoprene
TM
 TPV and hence enable greater focus in these areas in future 
experimentation. 
  
In addition to research work on an extruder it was also planned to conduct laboratory 
scale experiments and analysis to examine the influence of the materials‟ thermal 
behaviour, rheology and a close examination of any interactions between compounding 
ingredients under simulated process conditions that could lead to plate-out formation.  
 
As part of the investigation it was also intended to try to determine if there was any 
structure to the plate-out deposition. Literature has shown that plate-out in polymers 
generally, consists predominantly of inorganic components of the formulation. This 
investigation was to assess if the deposition of inorganic components was random in 
nature or had a structure through its cross section (melt to metal surfaces). 
 
3.1.2 Material Selection 
The material selected for the study was a general purpose construction pipe seal grade 
with a history of plate-out issues specifically associated with the hot runner injection 
moulding process but also extrusion. This work complements the internal studies being 
carried out within the company. In order to assess the potential of any variations in 
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methods of manufacture, material was sourced from both manufacturing plants, 
Newport South Wales and Pensacola Florida. The two materials were; 
 Santoprene
TM 
TPV,
 
Grade 101-55W185. Lot number NFF3022. (UK origin) 
 Santoprene
TM 
TPV,
 
Grade 101-55W185. Lot number PDG2248. (US origin) 
Further material information can be found in appendix 04- 05. 
 
The basic formulation from both production sources remains the same, only the raw 
material sources vary. The principal product components are listed below, further 
details of which remain proprietary to ExxonMobil. 
 
Polymers 
 Ethylene propylene diene rubber (EPDM) – ethylene-norbornene type (ENB) 
 Polypropylene (grade can vary with TPV grade) 
Cure Package 
 Phenolic resin (phenol-formaldehyde type) 
 Stannous chloride 
 Zinc oxide 
 Stearic acid 
Additives 
 China clay (Burgess and Icecap china clays) 
 Carbon black 
 Mineral oil 
 
 
3.2 Extrusion Studies 
3.2.1 Small Scale Extrusion Processing  
The extrusion work undertaken was carried out using a Thermo Electron Corporation 
Haake Polylab® System consisting of a computer monitored Haake Rheocord Torque 
Rheometer combined with a single screw extrusion unit and ribbon dies (Figure 3.1) 
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Figure 3.1 Haake Polylab® System Single Screw Extruder with Ribbon Die. 
 
via the use of the supplied internal software package real time measurements of melt 
temperature, die pressure, screw torque and screw speed were possible, Figure 3.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Extrusion Run Software Input 
 
 
3.2.1.1 Extrusion Equipment and Experimental Variables 
The extrusion screws used in the evaluation were general purpose olefinic screw 
profiles, Figure 3.3a and 3.3b, having compression ratios of 2:1 and 4:1, length 540 mm 
and L/D 25:1.  
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Figure 3.3a Haake GP Screws and Screw Profile. 
 
Some details of the specific screws (the great majority remains proprietary to 
ThermoHaake GmbH) are shown in Figure 3.3b. The screws have a nitrided surface 
coating. 
 
Figure 3.3b ThermoHaake GmbH Principle Screw Dimensions 
 
 
The following extrusion screws, dies and material condition input data was selected in 
the software for each run condition and an internal calibration carried out prior to each 
run set; 
 
 
CR 4:1 
CR 2:1 
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 Standard metering screw CR 2:1,   L=25D Part No. HG557-2020 
 Standard metering screw CR 4:1    L=25D Part No. HG557-2022 
 Ribbon die   25.4 mm width Part No. HG557-2341 
 Ribbon die   50.8 mm width Part No. HG557-2342 
 Material   Un-dried 
 Material   Dried 
 
Experimental Variables: 
The process variables measured by the rheometer for given screw design, material 
source and material condition were:   
 Screw speed  
 Process temperature 
 Melt pressure 
 Melt temperature 
 Torque 
 
Each extrusion run was 0.5 hours duration and the processing data captured in real time. 
As well as the data being available in tabular form the software also generated output 
graphs an example of which is shown in Figure 3.4, each selected process variable was 
plotted for the completed extrusion run. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Example Extrusion Run Graph 
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3.2.1.2 Extrusion DOE Plan 
For each of the two screw types and materials the following extrusion DOE variables 
were used, Table 3.1. 
 
Table 3.1 Experimental Extrusion Process Conditions. 
Process Variable Condition DOE Level 
Material Condition „As received‟ 
Dried*  
Low (-1) 
High (1) 
Process Set Temperature 165, 185, 190, 190, 
0
C 
165, 195, 210, 220, 
0
C 
Low (-1) 
High (1) 
Screw Speed  100 rpm  
200 rpm   
Low (-1) 
High (1) 
Die Size 
(fixed die exit) 
25.4 x 1 mm thick 
50.8 x 1 mm thick 
Low (-1) 
High (1) 
*(AES recommended – 3h @ 80C desiccant drier, however this was not available so 
material was oven dried for a minimum 4h at 80C in shallow trays and used within 5 
hours ) 
 
The DOE run plan was manually generated for each screw type and material condition 
as shown in the example, Table 3.2.  
 
 
Table 3.2 DOE Run Plan 
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3.2.1.3 Experimental Procedure 
The following procedure was used for each experiment as follows; 
 The laboratory guidelines for the safe operation of the equipment were strictly 
followed. 
 Care was taken using  the screw extractor not to strip threads, Figure 3.5  
 The screw & barrel was thoroughly cleaned after each extrusion run, Figure 3.6. 
 All run details were recorded on the equipment‟s dedicated computer. 
 On completion the equipment was thoroughly cleaned and purged with LDPE.  
 Moisture analysis samples were taken retained in airtight containers from each 
run for analysis (if needed). 
 Where possible photographs of the screw surface condition were taken after run 
completion. 
 Any apparent plate-out or other residue was carefully removed, its position 
logged and retained for further analysis. 
 TPV from screw flights (peeled off in one continuous length) was retained, 
bagged and labelled.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Post Extrusion Screw Extraction Process. 
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Figure 3.6 Pre-run Screw Surface Condition. 
 
 
3.2.1.4 Response Analysis  
The manually generated DOE was retro fitted into a DOE software analysis package, 
Design Expert 7.0 from Stat-Ease, Inc. Minneapolis USA. This software enables the 
setting up and analysis of general factorial, two-level factorial, fractional factorial (up to 
31 variables) and Plackett-Burman designs (up to 31 variables). This range of designs 
allows the screening and analysis for vital factors, but also to locate ideal process 
settings for top performance and discover optimal product formulations.  The response 
analysis options, rotatable 3D plots helping to visualise response surfaces, 2D contours 
helping to identify coordinates and predict responses. The programme's numerical 
optimisation function can be used to find the most desirable factor settings for multiple 
responses.  
 
3.2.2 Large Scale Extrusion.  
3.2.2.1 Large Scale Extrusion Studies 
A review of possible contributors to plate-out was conducted initially by a team 
consisting of production, technical and technology representatives. By brainstorming a 
root cause analysis herringbone chart (Figure 3.7) was produced of all potential 
influences on plate-out formation in Santoprene
TM
 grade 101-55W185. From this 
certain material and process variables related to product manufacture were identified (in 
red) as the most likely potential root causes either in isolation or combination. From 
this, a program was set up to evaluate potential changes that would reduce plate-out 
formation. Certain details remain proprietary to the company. 
Feed Zone Transition Zone Metering Zone 
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From this, larger scale extrusion studies were conducted on compound variants 
produced on the Newport Plant production line (either process or formulation ingredient 
related).  
Each run variant was produced as a 300kg lot and was compared to standard Newport 
production of this TPV grade.  
 
 
Figure 3.7 Root Cause Analysis herringbone Diagram. 
 
Evaluation of these compounds was conducted internally at the European Process and 
Analytical Laboratories of ExxonMobil in Brussels. This work was based on material 
formulations produced at the Newport manufacturing plant and benchmarked against 
standard production, Table 3.3. 
In addition a comparative 6 hour study was also conducted on Pensacola plant sourced 
material to assess whether differing production equipment or sourcing of raw materials 
and material drying resulted in differences in plate-out formation. 
 
3.2.2.2 Extrusion Processing 
A 300 kg sample of each of the following variants was made for testing using the 
production Weiner & Pfleiderer GmbH ZSK 160 mm twin screw extruder and standard 
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processing conditions. The detail of the screw geometry remains proprietary to the 
company. From the root cause analysis the following variants were produced and tested, 
Table 3.3. 
 
Table 3.3 Selected Extrusion Runs from Root Cause Analysis. 
Lot No. Variant Variant Description 
+
NGH 1501 Condition 1 Pensacola standard screw geometry and US 
sourced burgess clay using standard Newport Plant 
processing conditions. 
+
NGH 3511 Condition 2. Newport standard screw geometry with EU 
sourced Imerys clay. (bench mark formulation) 
*NGH 3512 Condition 3. oil – certain element of the cure system believed to 
be involved in plate-out formation were reduced.  
*NGH 3513 Condition 4. No venting on barrel. To determine if volatile 
removal, moisture and/ or oil vapour have an effect 
on plate-out generation in the compound. 
*NGH 3514 Condition 5. Stannous Chloride Curative level - reduced by 
20%.    
+
Benchmarking study comparing Pensacola manufacturing plant screw geometry with that used by 
Newport manufacturing plant.  
+
NGH 3511 was the study benchmark, standard Santoprene
TM
 101-55W185 production at Newport. 
* Based on literature, transport mediums in the melt exacerbate the plate-out formation. So reviewing 
potential moisture and plasticiser levels were the variables investigated. 
 
3.2.2.3 Six Hour Extrusion Testing 
Six hour extrusion test was conducted on each sample material both dried and un-dried 
using internal test method: TPE X0124: 6 hour Die Plug Test. Some of the details of the 
modification to the formulation remain proprietary to ExxonMobil and can only be 
described in general terms. 
 
This test uses a Battenfeld PM 30 mm diameter single screw extruder with a 
Santoprene
TM
 screw design and Bauknecht die (detail can be found in appendix 03, 
Table A3). Within the realms of practicability, this approximates to standard extrusion 
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run duration in the field and as such has been proven to demonstrate processing 
inconsistencies including plate-out formation.  
 
The process is closely monitored under standard extrusion conditions and variations in; 
 Melt Temperature 
 Head Pressure 
 Machine Torque 
 Output 
 Line Speed 
 Profile Dimension  
these are recorded as well as any visual defects apparent during and on completion of 
the run. Further to this, the die and screw condition after the six hour run was 
photographed and if possible, plate-out samples taken. An example of an extrusion run 
sheet. 
 
3.2.2.4 SEM/ EDS Characterisation 
The following analytical evaluations were conducted to establish the effects of 
changing the variants on plate-out generation and processing issues; 
 SEM /EDS microscopy of any plate-out residues from extrusion runs. 
 SEM/EDS analysis of inorganic dispersion within injection moulded plaques of 
Newport & Pensacola products. 
 Analysis of extending clay fillers. 
Literature shows that filler particle size and distribution can have a major impact on 
plate-out. Previous work had shown that there were observable differences in the 
structure/form of plate-out generated between materials manufactured at the two 
respective production plants.  
 SEM / EDS Determination of the Structure of Plate-out. 
Whilst literature cites many examples of studies into the constituents of plate-out, 
inorganic materials plus some small amounts of polymer, nowhere has a study been 
undertaken to establish if deposition of inorganic material is in anyway structured.  
In order to try to understand the mechanism of plate-out formation, a sample was 
removed from one of the twin screw compounding machines from the back of the cone 
between the end of the screws and the die head (Figures 3.8 and 3.9). The machine had 
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been producing a range of Santoprene
TM
 products, all black and resin cured. It was 
hoped this would give some insight into the possible movement of inorganic 
particulates and the structure, if any, in the plate-out deposition and potentially 
highlight a plate-out formation mechanism. 
 
    
 
Figure 3.8 Material Removed from  Figure 3.9 SEM Specimen                           
Extruder                                                      Preparation 
 
 
A grey, yellow colour difference was observed in the plate-out, the cause was not 
known, and it was possibly oil contamination but would be further investigated. 
The SEM specimens were cut from the sample using a sharp scalpel. One set, 
comprising of the visible surface (towards the steel side of the machine) and two 
sections through the plate-out were encapsulated in an epoxy resin potting compound to 
stabilise the surfaces and polished. The SEM specimens are shown in Figure 3.9; the set 
not yet potted is labelled. The remaining two specimens were mounted on Al stubs for 
examination by optical microscopy and if necessary could be gold coated for further 
evaluation by SEM. 
The analytical equipment used was; 
Field Emission Gun + Scanning Electron Microscopy (FEGSEM) and LEO 1530 UP 
EDS detection unit. (a surface analysis technique). 
 
The method employed was; 
 EDS set at 20Kv 
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 Variable pressure mode.  
 Nitrogen (N2) gas used to control chamber pressure. 
 Vacuum maintained at 1010 torr (high pressure) 
 Element mapping of whole cross section of plate-out on samples 
 Analysis stopped after 80 frames. 
 Elements analysed were: 
Carbon [C], Chlorine [Cl], Tin [Sn], Aluminium [Al], Silica [Si],  
Magnesium [Mg], Oxygen [O], Zinc [Zn].  
 
3.2.2.5 Moisture Content Analysis 
To understand the potential influence of  moisture on the performance the Santoprene
TM
 
101-55 W185 variants during the 6 hour extrusion testing for plate-out formation  it was 
decided to conduct an evaluation of each samples‟ moisture content before and after 
drying. The approach was to try to determine the levels of surface and internally bound 
moisture after the manufacture of the pellets.  
 
Test Protocol: 
No standardised test method was available. Pellet samples were collected from the 
material bag (un-dried) and immediately after drying in a desiccant drier at 80
0
C for 3 
hours immediately prior to each 6 hour extrusion test. Each sample was retained in a 
pre-dried sealable glass jar. 
  
Testing was conducted using the Karl-Fischer coulometric type test method. Karl 
Fischer (KF) titration employs a specific reaction to consume H2O, independent of the 
presence of other volatile substances. Typically, solid samples are heated at a specific 
temperature (usually 200ºC) for a specific time (usually 20 min).  
In this particular test it was decided to analyse the samples initially at 105 °C,  keeping 
them in the cool part of the furnace (to measure the external water content) then 
increasing the temperature to 180 °C, and finally re-analyse the samples at this higher 
temperature to measure the internal or bound water content.  A dry nitrogen flow of 10 
ml min
-1
 carried the water to the iodine solution for analysis.  
3.2.2.6 LCR Viscosity Determination 
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The measurement of product melt viscosity was conducted in the production plant. This 
testing was conducted on the QA laboratory capillary rheometer, Dynisco model 6000.  
 
3.3. Characterisation Techniques 
3.3.1 Microscopy Techniques 
Two microscopy techniques were employed in the study, optical and scanning electron 
microscopy (SEM) and SEM + EDS. 
 
3.3.1.1 Optical Microscopy Study of Extruded Profile 
The aim was to determine the dispersion of inorganic particulates within the TPV melt 
by the use of optical microscopy. The specific focus is movement to the outer surfaces 
where they could be deposited as plate-out. The equipment used was a Leica MZ12 
binocular microscope having a x10 magnification (1 mm would be magnified to 160 
mm) in combination with a Leica 150 lighting system linked to a video monitor and 
computer image analyser. 
 
The material examined was Santoprene
TM
 101-55W185, Lot No. NFF3022 and 
PDG2248. From the experimental run the following samples were analysed. 
Newport Manufacture    Pensacola Manufacture 
Extrusion run 1A – screw 4-1 Dried  Extrusion run 1 –screw 2:1 - dried 
Extrusion run 2A – screw 4-1 Dried   Extrusion run 1A –screw 4:1 - dried 
Extrusion run 7A – screw 4-1 Dried   Extrusion run 4A –screw 4:1 - dried 
Extrusion run 8A – screw 4-1 Dried  Extrusion run 4A –screw 4:1 – un-dried 
      Extrusion run 7 –screw 2:1 – un-dried 
      Extrusion run 7A –screw 4:1 - dried 
3.3.1.2 Samples and preparation 
The samples examined were those that displayed some visual indication of deposits 
during the extrusion testing. Samples were cut from the positions shown in Figure 3.10 
using a sharp scalpel. To easily identify the side of the barrel and the side of the screw, 
all samples were placed identically in a vertical direction with the curved edges (screw 
side) to the right and the flat edges (barrel side) to the left, Figure 3.10. 
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Figure 3.10 Definitions of Sample Positions for Microscopic Study. 
 
 
                    
 
 
 
 
 
 
Figure 3.11 Extrudate Sample Position in Relation to Screw Geometry and Pressure 
Change. 
 
Pictures were captured for each sample from a specific position on the screw, Figure 
3.11. Three photographs with a machine magnification setting 2.0 to show an overview 
of the top, middle, bottom of the section and six pictures with a magnification setting 
6.3 to expand the top, middle and bottom section of the edge surfaces of both the barrel 
and screw sides of the sample. 
 
Some samples were not flat which made it impossible to focus on the entire image. 
Where possible, the levelling of the sample holder was adjusted to get maximise the 
sample surface image viewed. The external lighting was positioned in such a way that 
this was similar for each sample. However, because of the different characteristics of 
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the samples (some being flatter than others and also the thicknesses varied), the light 
source and the exposure time was adjusted to get pictures with more or less the same 
brightness and level of contrast. 
 
3.3.1.3 Scanning Electron Microscopy (SEM) / Energy Dispersive X-ray Analysis 
(EDS). 
This technique was employed extensively for the analysis of various stages of the 
experimental work for the, characterisation of clay, plate-out analysis, plate-out 
structure and particle movement (reference section 3.2). Samples were gold coated.  
 
As part of the Haake DOE evaluation of particle distribution and dispersion, samples 
were taken from key points along the GP screw length that corresponded to changes in 
pressure within the barrel, Figure 3.9.  These were then analysed using scanning 
electron microscopy (SEM) and energy dispersive x-ray analysis (EDS). 
 
The aim was to assess whether it was possible to track the movement of inorganic 
particles within and between flight sections.  
 
The SEM / EDS Technique: 
The equipment used for this study was a Cambridge Stereo scan 360 scanning electron 
microscope combined with Oxford Instruments INCA x-sight, energy dispersive x-ray 
instrument (EDS). 
An electron microscope uses a focused electron beam to interact with the atoms in a 
sample. As the electron beam displaces electrons in the sample, detection equipment 
converts the electrons scattered by the electron beam to into a microscopic image. 
Another phenomenon occurs in this interaction, the generation of characteristic x-rays. 
The energy dispersive system for photon detection has, in general, a silicon 
semiconductor detector with a high impedance zone that is radiation-sensitive. Both, the 
detector and the field-effect transistor of the first stage of preamplifier are cooled to get 
an optimum energy-resolution. Energy dispersive x-ray microanalysis uses detection 
equipment to measure the energy values of the characteristic x-rays generated within 
the electron microscope. 
Using semiconductor material to detect the x-rays and a multi-channel analyser, an x-
ray micro-analysis system converts the x-ray energy into an electronic “count.” The 
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accumulation of these energy counts creates a spectrum representing the chemical 
analysis of the sample. Therefore, while the electron microscope produces an image of 
the sample‟s topography, energy dispersive x-ray microanalysis is able to tell what 
elements are present in the sample as illustrated in Figure 3.12. 
 
 
Figure 3.12 Example Spectrum. Multi-Element Glass 
 
The particulates present in the profile section analysed were recorded as SEM 
micrographs and EDS back scatter images. The inorganic material showing up as 
„bright spots‟ in the back scatter images as illustrated in the results section 4.3. This 
allowed a pictorial assessment of particulate distribution. This technique was also 
employed in the analysis of plate-out residue and the characterisation of filler clays.   
 
3.3.2 Fourier Transform Infra Red Spectroscopy (FTIR) 
Infrared spectroscopy deals with the interaction of infrared electromagnetic radiation 
with matter. The atoms in a molecule are constantly oscillating around average 
positions. Bond lengths and bond angles are continuously changing due to this 
vibration. As a beam of infrared radiation is passed through a sample (or reflected off a 
sample) certain frequencies are absorbed by the sample‟s inter atomic bonds through 
resonance. It is on this that the IR spectroscopy technique is based, by first measuring 
the interferogram of the sample using an interferometer, then performing a Fourier 
transform (mathematical calculation) on the interferogram to obtain the spectrum. The 
infrared spectrum produced for a molecule is a graphical display as illustrated in Figure 
3.13. 
Identified elements, 
Silicon (Si), Aluminium (Al), 
Calcium (Ca), Iron (Fe), 
Barium (Ba), Oxygen (O) 
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Wavenumber (1/l) is the reciprocal of the wavelength (l) and has units of (cm-
1).   
Both frequency and wavenumber are directly proportional to energy. 
 
Figure 3.13 Example of an Infra Red Graphical Display 
 
It shows the frequencies of IR radiation absorbed and the % of the incident light that 
passes through the molecule without being absorbed. The spectrum has two regions. 
The fingerprint region is unique for a particular molecule and the functional group 
region is similar for molecules with have the same functional groups present.  
FTIR analytical techniques used in this study are, 
 
 Attenuated Total Reflectance (ATR), and is a surface reflectance technique. 
This sampling technique is useful for liquids, polymer films, and semi-solids.  
 Transmission Sampling: a sampling method Transmission Sampling: a sampling 
method where the infrared beam passes through the sample before it is 
detected.  Samples are typically diluted or flattened to adjust the absorbance 
values to a measurable range. 
IR spectra can be used to identify molecules by recording the spectrum for an unknown 
and comparing this to a library or database of spectra of known compounds. 
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3.3.3 Karl Fischer Coulometric Technique  
The general principal of the Karl Fischer chemical reaction taking place in the presence 
of a base and a solvent, (a typical solvent could be methanol, and a base imidazole) the 
basic reaction is shown in [3.1] 
 
 I
2
 + 2H
2
 O + SO
2
 -> 2HI + H
2
SO
4                         [3.1] 
 
A chemical reaction takes place between iodine (I) and water (W) with the reactants 
being in a one to one ratio. Once the iodine in the Karl Fischer reagent is determined, 
the unknown concentration of water in the sample can be determined; i.e. as 1x (I) 
reacts with 1x (W), the amount of (I) used during the titration must be equal to the 
unknown amount of water present in the sample.  
The Coulometric method is used for moisture levels in the range of 10 micrograms to 
10mgs of water in a sample i.e. ‟low levels of moisture‟. With a coulometric Karl 
Fischer titration, the amount of water present is determined by measuring the amount of 
current generated during the titration (Coulombs) Coulombs are a measurement of 
current (amps) multiplied by the titration time in seconds. There is a relationship 
between the iodine (I) used in the titration, the samples water content (W) and the 
current, equation [3.2]. Coulometric KF titrations are preferable carried out within the 
pH range 4 -7.  
 
Current (A) x time (s) = Coulombs (C) ---> I + W ---> KF REACTION  [3.2] 
   
According to Faradays Law: 2 x 96,485 Coulombs are needed to generate 1 mole of 
iodine and this iodine subsequently reacts 1 to 1 with the water in the KF reaction. 
Components of a Coulometric Titrator:  
The electrode system; this consists of an anode and cathode platinum electrodes which 
conducts current through the cell, generates iodine at the anode, which then 
subsequently reacts with the water in the sample. The platinum indicating electrode 
determines when & if iodine generation is necessary to react with any moisture in the 
sample. It does this by voltametrically sensing the presence of water and then continues 
to generate iodine until all the water in the sample has been reacted with the KF end-
point. From this titration the on board microprocessor in the Metrohm instrument 
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calculates the total amount of current consumed in completing the titration and the time 
to completion in seconds. Based on the relationship between coulombs and iodine the 
exact amount of iodine generated is determined. Since water reacts in the 1:1 ratio with 
iodine, the amount of water can be calculated.  
• Stage 1: Iodine generation instead of dispensing KF reagent as in volumetric KF 
titration, the Metrohm KF instrumentation actually generates the reagent inside the 
reaction cell. A current flows through the reagent generating iodine at the anode 
electrode.   
• Stage 2: The Metrohm instrument detects the end of the titration (end-point)   
• Stage 3: The Metrohm instrument subsequently calculates the moisture content.   
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CHAPTER 4: SMALL SCALE EXTRUSION STUDIES 
4.1 Extrusion DOE Analysis 
4.1.1. Haake Extrusion Process Analysis 
As part of the analysis procedure, a visual assessment was conducted on the screw 
surface and the screw condition recorded photographically after each of the extrusion 
runs for both Newport plant sourced material and for comparative purposes, selected 
runs using Pensacola plant sourced material. The results of the visual analysis, in 
respect to the DOE experimental variables, Table 4.1 is given for Newport manufacture 
in Tables 4.2 – 4.5 and Pensacola manufacture in Tables 4.6 – 4.9. 
 
Table 4.1 Experimental DOE Variables 
KEY:  high (1) low (-1) 
Material drying Yes No 
Screw Speed 200 rpm 100 rpm 
Barrel temp profile (
0
C) 165, 195, 210, 220, 
0
C 165, 185, 190, 190, 
0
C 
die size 50.8 25.4 
Feed cooling - air flow 8 psi  (0.6 bar) 
Drying -  minimum 3h@80 °C 
 
 
Table 4.2 Experimental DOE – Newport Un-dried Material 
Newport Produced Santoprene
TM
 101-55W185,   Lot No. NFF3022. 
Screw Type: CR 2:1, 25L/D:   
 
RUN Number 
Variable 1 2 3 4 5 6 7 8 5 REP 
Material 
drying 
-1 -1 -1 -1 -1 -1 -1 -1 -1 
Screw 
Speed   
-1 1 1 -1 1 -1 -1 1 1 
Barrel 
temp 
profile 
-1 -1 1 1 1 -1 1 -1 1 
Die size -1 -1 -1 -1 1 1 1 1 1 
Visual 
Assessment 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
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Table 4.3 Experimental DOE – Newport Un-dried Material 
Newport Produced Santoprene
TM
 101-55W185,   Lot No. NFF3022. 
Screw Type: CR 4:1, 25L/D:   
RUN Number 
Variable 1A 2A 3A 4A 5A 6A 7A 8A 5A 
REP Material 
drying 
-1 -1 -1 -1 -1 -1 -1 -1 -1 
Screw 
Speed 
-1 1 1 -1 1 -1 -1 1 1 
Barrel 
temp   
-1 -1 1 1 1 -1 1 -1 1 
Die size -1 -1 -1 -1 1 1 1 1 1 
Visual 
Assessment 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
staining 
on screw    
in 
transitio
n zone 
 
 
Table 4.4 Experimental DOE – Newport Dried Material 
Newport Produced Santoprene
TM
 101-55W185,   Lot No. NFF3022 
Screw Type: CR 2:1, 25L/D   
RUN Number 
Variable 1 2 3 4 5 6 7 8 5 REP 
Material 
drying 
1 1 1 1 1 1 1 1 1 
Screw 
Speed  
-1 1 1 -1 1 -1 -1 1 1 
Barrel 
temp  
-1 -1 1 1 1 -1 1 -1 1 
Die size -1 -1 -1 -1 1 1 1 1 1 
Visual 
Assessment 
Possibly 
a very 
slight 
film? on 
metal 
surface 
in 
metering 
zone 
traces of 
deposit 
in 
transition 
zone on 
screw 
(flight 7-
13) 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
Some 
slight 
deposit 
very 
friable 
easy to 
break 
no 
visible 
plate-out 
on screw 
possible 
bloom 
on 
metering 
zone 
surface 
fine 
striations 
observed 
on the 
screw 
root 
appeared 
to be 
golden 
brown 
no 
visible 
plate-out 
on screw 
 
 
Table 4.5 Experimental DOE – Newport Dried Material 
Newport Produced Santoprene
TM
 101-55W185,   Lot No. NFF3022 
Screw Type: CR 4:1, 25L/D:  
RUN Number 
Variable 1A 2A 3A 4A 5A 6A 7A 8A 5A REP 
Material 
drying 
1 1 1 1 1 1 1 1 1 
Screw 
Speed 
-1 1 1 -1 1 -1 -1 1 1 
Barrel 
temp 
profile 
-1 -1 1 1 1 -1 1 -1 1 
Die size -1 -1 -1 -1 1 1 1 1 1 
Visual 
Assessment 
possible 
bloom 
formation 
on 
metering 
zone  
Light 
'specks' of 
something 
between 
flights 10-
13. 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
no 
visible 
plate-out 
on screw 
possible 
bloom 
formation 
on 
metering 
zone  
possible 
bloom on 
metering 
zone 
surface 
no visible 
plate-out on 
screw out 
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Table 4.6 Experimental DOE – Pensacola Un-dried Material 
Pensacola Produced Santoprene
TM
 101-55W185,   Lot No. PDG2248 
Screw Type: CR 2:1, 25L/D:  
 
RUN Number 
Variable 1 4 7 8 
Material drying 
-1 -1 -1 -1 
Screw Speed -1 -1 -1 1 
Barrel temp 
profile 
-1 1 1 -1 
Die size -1 -1 1 1 
Visual Assessment 
no visible 
plate-out on 
screw 
Deposit on 
screw tip 
Light 
streaking on 
screw root in 
transition & 
metering 
zone. 
Forward 
edge of 
screw flight.  
Non on 
screw tip 
Some 
marking on 
screw root 
 
Table 4.7 Experimental DOE – Pensacola Un-dried Material 
Pensacola Produced Santoprene
TM
 101-55W185,   Lot No. PDG2248 
Screw Type: CR 4:1, 25L/D:    
 
RUN Number 
Variable 1A 4A 7A 8A 
Material drying -1 -1 -1 -1 
Screw Speed -1 -1 -1 1 
Barrel temp 
profile   
-1 1 1 -1 
Die size -1 -1 1 1 
Visual Assessment 
no visible 
plate-out on 
screw 
no visible 
plate-out on 
screw 
Deposit on 
screw tip 
no visible 
plate-out 
on screw 
 
Table 4.8 Experimental DOE – Pensacola Dried Material 
Pensacola Produced Santoprene
TM
 101-55W185,   Lot No. PDG2248 
Screw Type: CR 2:1, 25L/D:    
 
RUN Number 
Variable 1 3 7 8 
Material drying 
1 1 1 1 
Screw Speed -1 1 -1 1 
Barrel temp 
profile 
-1 1 1 -1 
Die size -1 -1 1 1 
Visual Assessment 
Slight trace 
of deposit in 
transition 
zone 
no visible 
plate-out on 
screw 
no visible 
plate-out 
on screw 
no visible 
plate-out on 
screw 
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Table 4.9 Experimental DOE – Pensacola Dried Material 
Pensacola Produced Santoprene
TM
 101-55W185,   Lot No. PDG2248 
Screw Type: CR 4:1, 25L/D:    
 
RUN Number 
Variable 1A 4A 7A 8A 
Material drying 1 1 1 1 
Screw Speed -1 -1 -1 1 
Barrel temp   -1 1 1 -1 
Die size -1 -1 1 1 
Visual Assessment 
Very slight 
bloom in 
metering 
zone 
Traces of 
deposit on 
screw in 
transition/me
tering (hard 
streaks) Too 
small to 
sample. 
Screw tip 
material 
shows plate-
out unable to 
pick off 
metal. 
Deposit on 
screw tip 
Deposit 
on screw 
tip. 
Possible 
bloom in 
transition 
no visible 
plate-out on 
screw 
 
 
Figures 4.1- 4.9 show the computer captured real time pressure, temperature and speed 
measurements for both Newport and Pensacola experimental runs. 
 
 Only those runs that showed some visible form of deposit or a notable observation are 
captured in the results in comparison to a benchmark example of a run showing no 
deposition. 
 
Figures 4.10 to 4.12 contain examples of the photographic evidence of the screw 
condition on completion of each run. All run photographs are contained within Figures 
A4 – A37, appendix 06 - 16. 
Figures 4.13 to 4.20 show the results of the DOE response analysis as a function of 
those process variables seen to cause plate-out. 
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Figure 4.1 Run Data– Newport Un-dried material (Screw Type: CR 2:1, 25L/D) 
 
 
Figure 4.2 Run Data– Newport Un-dried material (Screw Type: CR 4:1, 25L/D) 
 
 
 
 
 
 
 
 
 
 
 Figure 4.3 Run Data –Newport Dried Material (Screw Type: CR 2: 1, 25 L/D) 
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Figure 4.4 Run Data– Newport Dried material (Screw Type: CR 4:1, 25L/D) 
 
 
 
 
 
 
 
 
 
Figure 4.5 Run Data – Pensacola Un-dried material (Screw Type: CR 2:1, 25L/D) 
 
 
 
 
 
 
 
 
 
Figure 4.6 Run Data – Pensacola Un-dried material (Screw Type: CR 4:1, 25L/D) 
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Figure 4.7 Run Data – Pensacola Un-dried material (Screw Type: CR 4:1, 25L/D) 
 
 
Figure 4.8 Run Data - Pensacola Dried material (Screw Type: CR 2:1, 25L/D) 
 
 
 
 
 
 
 
 
 
Figure 4.9 Run Data – Pensacola Dried material (Screw Type: CR 4:1, 25L/D) 
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Figure 4.10 Pensacola Run 7A     Figure 4.11 Pensacola Run 7A     Figure 4.12 Pensacola Run 8A 
            4:1 CR Screw – Dried       4:1 CR Screw – Dried.(plate-out)     4:1 CR Screw – Dried. 
Metering Zone 
Feed Zone 
Transition Zone 
Metering Zone 
Feed Zone 
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4.1.2 Response Analysis 
The following Figures 4.45-51 show the DOE analysis response to processing conditions in respect to plate-out formation. Shown is both cubic 
analysis and associated contour plots. For the cubic analysis the higher the predicted value, the greater the modelled propensity to plate-out.  In 
the case of the contour plots, the ranking for plate-out deposit observed on the screw surface after each run was completed (tables 4.2 – 4.9) was 
as follows; 
 Ranking 0 – no observable deposit on the extracted screw surface 
Ranking 1 – very slight film/staining observed on the screw surface 
Ranking 2 – film deposit observed on the screw surface 
Ranking 3 – Discernable plate-out deposit observed on the screw surface 
 
The manual DOE was analysed and the model report details are given below. 
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The model equation obtained from the resulting output data above for the formation of plate-out is given below; 
 
Plate-out (P) = 0.47 – 0.47*B + 0.5*C – 0.62*A*B + 0.47*A*C + 0.48 *A*F + 0.59*B*C – 0.5*C*D + 0.56*A*B*C – 0.41*A*C*D  
 
Where, 
Factors A to F are significant variables 
Factors AB to CE are significant two factor interaction variables 
Factors ABC to ACE are significant three factor interactions.     
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Figure 4.13 Un-dried Materials, 2:1 Screw, Low Barrel Temperature 
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Figure 4.14 Un-dried Materials, 4:1 Screw, Low Barrel Temperature 
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Figure 4.15 Un-dried Materials, 2:1 Screw, High Barrel Temperature 
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Figure 4.16 Un-dried Materials, 4:1 Screw, High Barrel Temperature 
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Figure 4.17 Dried Materials, 2:1 Screw, Low Barrel Temperature 
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Figure 4.18 Dried Materials, 4:1 Screw, Low Barrel Temperature 
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Figure 4.19 Dried Materials, 2:1 Screw, High Barrel Temperature 
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Figure 4.20 Dried Materials, 4:1 Screw, High Barrel Temperature
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4.1.3 Study Observations 
The observations made here are discussed in further detail in Chapter 6 Discussion of 
Results. 
 
The DOE extrusion study confirmed that some examples of plate out or residues 
presumed to be plate out components occurred under particular process conditions. 
 
Not pre-drying the material prior to processing did not appear to be a significant factor 
in plate-out formation. This was surprising as moisture is suggested in literature as a 
transport medium
[93].
 
 
The plate-out observed under some process conditions on the screw tip unexpectedly 
was re-absorbed into the material surface over time at room temperature. 
 
The DOE analysis software confirmed the findings of the extrusion study. From the 
DOE model analysis the following observations can be made:  
 The Model F-value of 2.88 implies the model is significant.  There is only  a 
0.55% chance that a "Model F-Value" this large could occur due to noise. 
 Values of "Prob > F" less than 0.05 indicate model terms are significant.   
In this case B, C, AB, AC, AF, BC, CD, ABC, ACD are significant model terms 
where as values greater than 0.10 indicate the model terms are not significant.   
 "Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is 
desirable. The  ratio of 7.292 indicates an adequate signal.   
 
The analysis results from the cubic and contour plots show that the raw material source 
in combination with process conditions generally gives varying propensity to plate-out 
results. The exception is for a combination of a higher compression ratio screw, low 
barrel temperature with high screw speed where both Newport and Pensacola sourced 
material are predicted to give plate-out. 
 
4.2 Optical Microscopy Study of Extruded Profile  
The specific focus was movement of inorganic particles to the outer surfaces where 
they could be deposited as plate-out at various positions on the screw, Figure 4.21, 
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where barrel pressure changed. Only optical photographs illustrating significant particle 
movement or other observation, for example, melt striation, are included and compared 
to an example, Figure 4.22 where no plate-out or migration was observed. All run 
photographs are contained within appendix 17- 49. 
Based on the visual inspection of the screw surface condition at the end of each 
Newport run, the following runs were selected for further analysis; 
 Extrusion run 1A – screw 4-1 Dried 
 Extrusion run 2A – screw 4-1 Dried  
 Extrusion run 7A – screw 4-1 Dried  
 Extrusion run 8A – screw 4-1 Dried 
 
It should be noted no un-dried variants gave any indication of plate-out in this short 
term test. 
Figure 4.21 Sampling Positions relative to Screw Geometry 
 
From the Pensacola study, the influence of material condition appeared to have a 
greater effect and this was reflected in the selection of runs for further migration 
analysis, 
 Extrusion run 1 –screw 2:1 - dried 
 Extrusion run 1A –screw 4:1 - dried 
 Extrusion run 4A –screw 4:1 - dried 
 Extrusion run 4A –screw 4:1 – un-dried 
 Extrusion run 7 –screw 2:1 – un-dried 
 Extrusion run 7A –screw 4:1 – dried 
 
 
 
 
5 4 3 2 1 
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Figure 4.22 Results Example – Newport Run 1A, dried, 4:1 CR Screw, 
Position 3 – across the channel (no particulate migration) 
 
 
Figure 4.23 Results – Newport Run 1A, dried, 4:1 CR Screw 
Position 5 – across the channel (melt striations) 
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Figure 4.24 Results – Newport Run 2A, Dried, 4:1 CR Screw.  
Position 3 – across the channel (melt striation) 
 
 
Figure 4.25 Results – Newport Run 2A, Dried, 4:1 CR Screw.  
Position 4– across the channel (melt striation) 
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Figure 4.26 Results – Newport Run 7A, Dried, 4:1 CR Screw.  
Position 3 – across the channel (melt striation) 
 
 
Figure 4.27 Results – Newport Run 7A, Dried, 4:1 CR Screw.  
Position 5 – across the channel (surface staining) 
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Figure 4.28 Results – Newport Run 8A, 4:1 CR Screw.  
Position 2 – across the channel (particulate movement) 
 
 
Figure 4.29 Results – Newport Run 8A, 4:1 CR Screw.  
Position 3 – across the channel (particulate movement) 
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Figure 4.30 Results – Newport Run 8A, 4:1 CR Screw.  
Position 4 – across the channel (particulate movement) 
 
Figure 
4.31 Results – Newport Run 8A, 4:1 CR Screw.  
Position 5 – across the channel (particulate movement) 
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Figure 4.32 Results Pensacola Run 1A, Dried, 4:1 CR Screw. 
Position 2 – across the channel (particulate movement) 
 
 
 
Figure 4.33 Results Example Pensacola Run 1A, Dried, 4:1 CR Screw.  
Position 2 – parallel to channel flights (evenly dispersed particulate) 
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Figure 4.34 Pensacola Run 1A, Dried, 4:1 CR Screw.  
Position 3 – – across the channel (particulate movement) 
 
         
 
Figure 4.35 Pensacola Run 1, Dried, 2:1 screw. 
Position 2 – across the channel (striations) 
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Figure 4.36 Pensacola Run 1, Dried, 2:1 screw 
 Position 2 – parallel to channel flights (particulate migration) 
 
 
Figure 4.37 Pensacola Run 1, Dried, 2:1 screw. 
Position 3 – across the channel (striation) 
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Figure 4.38 Pensacola Run 1, Dried, 2:1 screw. 
Position 3 – parallel to channel flights (particulate migration) 
 
 
Figure 4.39 Pensacola Run 4A Un-dried, 4:1 screw. 
Position 2 – across the channel (particulate migration) 
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Figure 4.40 Pensacola Run 4A Un-dried, 4:1 screw. 
Position 3 – across the channel (particulate migration) 
 
 
Figure 4.41 Pensacola Run 4A Un-dried, 4:1 screw. 
Position 4 – across the channel (particulate migration) 
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Figure 4.42 Pensacola Run 4A Un-dried, 4:1 screw, position 1- screw tip (plate-out) 
 
139 
 
 
Figure 4.43 Pensacola Run, 4A Dried, 4:1 screw, 
 position 4 – across the channel (particulate migration) 
 
Figure 
4.44 Pensacola Run 7, Un-dried, 2:1 screw, 
position 2 – across the channel (particulate migration) 
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Figure 
4.45 Pensacola Run 7 Un-dried, 2:1 screw, 
position 2 – parallel to channel flights (particulate migration) 
 
 
Figure 4.46 Pensacola Run 7 Un-dried, 2:1 screw, 
position 3 – across the channel (particulate migration/ striation) 
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Figure 4.47 Pensacola Run 7A Dried, 4:1 screw, 
 position 3 – across the channel (particulate migration) 
 
Figure 4.48 Pensacola Run 7A Dried, 4:1 screw, 
position 3 – parallel to flights (particulate migration) 
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4.2.1 Study Observations 
The observations made here are discussed in further detail in Chapter 6, Discussion of 
Results. 
 
There is general evidence of a distinct boundary layer within the melt adjacent to the 
barrel wall under certain processing conditions with a suggestion of a similar effect but 
much slighter at the screw surface. 
 
Some of the samples examined also show surface disruption throughout the section. 
This is seen as black areas illustrated clearly in Figures 4.22 - 4.25.  
There is visual evidence of particulate migration at both screw and barrel surfaces 
dependent on process condition. The indications are that the areas mostly concentrating 
particulates, is in the area of the screw flights.  
Banding or striations were observed in some of the flight sections samples, these are not 
believed to be artefacts of the sectioning method but more related to the processing 
condition. They demonstrate that a layering effect was occurring within the melt. 
 
4.3 SEM/EDS Analysis of Profile 
To investigate further the findings from the optical microscopy study a deeper analysis 
of the various sections from different positions along the screw was undertaken. Where 
no results are shown for a specific run or screw position, it is because no evidence of 
inorganic migration or evidence of plate-out could be clearly seen. 
 
4.3.1 Newport Run 1A Dried, 4:1 screw. 
During this SEM analysis it was noted that apparent fibrillation was present on the 
sample surface. Further investigation concluded that this was not a feature present in the 
profile but rather the re-condensation of the cyanoacrylate adhesion promoter vapours 
occurring during the mounting of the samples to the aluminium stub. EDS analysis 
confirmed the nature of fibrils to be carbon and trace chlorine suggested that the 
principal component of the primer was possibly a chlorinated olefin. Examples of this 
are seen in Figures 4.49 and 4.50. 
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Figure 4.49 Fibrillation around Particle Figure 4.50 Fibrillation present on 
Aluminium Stud 
 
 
4.3.1.1 General Overview of Profile Surface Across the Section 
Figures 4.52 – 4.55 show the general topography of the surface in the screw tip area 
(position 1) along with the identification of the inorganics present. The approximate 
positions are illustrated in the schematic, Figure 4.51. 
 
 
 
 
 
 
Figure 4.51 Schematic of Surface Analysis in Screw Tip Area Section 
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Figure 4.52 SEM / EDS Analysis of Position 1a.     Figure 4.53 SEM / EDS Analysis of Position 1b 
200 m 200 m 
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Figure 4.54 SEM / EDS Analysis of Position 1c.     Figure 4.55 SEM / EDS Analysis of Position 1d
200 m 200 m 
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4.3.1.2 SEM / EDS Analysis of Newport Runs  
The complete study is given in Figures A103 to A147, appendix 50 – 75. 
For Newport Run 1A, dried, 4:1 screw, Figures 4.56 – 4.57, show what appears to be a 
thin boundary layer with a more disrupted surface than the main body of the section. 
The fibrillation evident in Figure 4.57 is believed to be an artefact, a result of 
condensation of the mounting adhesive or olefinic primer.  
  
  
 
 
Figure 4.56 Newport Run 1A, dried, 4:1 screw, Barrel Edge Surface at flight tip – 
across the channel –metering section position 2 
 
 
 
 
Figure 4.57 Newport Run 1A, dried, 4:1 screw, Screw Edge Surface at flight tip – 
across the channel –metering section position 2 
The following Figure, 4.58 shows an overview of the inorganic distribution by element 
mapping within the section across the main flow direction of the melt channel focussed 
towards the screw: flight intersection. At the same time elemental analysis was 
conducted to confirm the presence of the inorganic materials and determine any 
potential differences in the amounts, Figures 4.59.  
The same procedure was conducted on a sample section taken in the direction of melt 
flow, parallel to the flights, Figures 4.60 – 4.61.  
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Figure 4.58 Elemental Mapping Across Flow towards the Screw: Flight Intersection 
showing Element Distribution for Newport Run1A Dried 4:1 Screw Position 2 
 
Al 
C O 
Cl 
Fe 
Si 
Zn 
K 
Kv  20.0 
Mag  381 
Tilt  0.0 
TkOff  38.0 
DwellTime 200 
AmpTime  10.0 
DataType  ROIs 
DataRange 1-18 
Label  ClK 
Matrix  256x200 
MicronsPerPixX 3.661 
MicronsPerPixY 3.374 
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Figure 4.59 Element Analysis Comparison towards the Screw: flight Intersection  
 
Screw Side 
Side 
Barrel Side 
Central Section 
Side 
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Figure 4.60 Elemental Mapping in Flow Direction Parallel to Flights showing Element 
Distribution for Newport Run 1A Dried 4:1 Screw in the Metering Section position 2 
Kv  20.0 
Mag  336 
Tilt  0.0 
Detector  ADC1 
Averaging 16 
DataRange 0-4095 
Label  SE1 
Matrix  256x200 
MicronsPerPixX 4.151 
MicronsPerPixY 3.826 
C O 
Al Si 
Zn Cl 
K Cu 
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Figure 4.61 Element Analysis Flow Direction Parallel to Flights showing Elements 
Present 
 
The following example Figures, 4.62 – 4.63  were part of the analysis the various 
positions along the screw length from the transition (position 5) to the metering zone 
(position 2) for Newport manufacture DOE run 1A dried condition with the 4:1 
compression screw. EDS mapping was conducted to establish the nature of the 
particulates observed by SEM. This run had shown some evidence of blooming in the 
metering zone but no actual deposit. The remaining results are given in the appendices 
Figures A103-A140, appendix 50 - 71. 
 
 
Figure 4.62 Newport Run 1A, dried, 4:1 screw, Barrel Surface in Centre of Section – 
across the channel –metering zone position 2  
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Figure 4.63 Newport Run 1A, dried, 4:1 screw, Centre of Section – across the channel –
metering zone position 2  
Figures 4.64 to 4.70 highlight the features observed in Newport Run 7A in the dried 
condition. The remaining SEM micrographs are shown in Figures A141 to A147 in 
appendices 72 to 75.  
 
 
 
 
 
 
 
 
Figure 4.64 Newport 7A Dried 4:1 Screw, Position 2, Parallel to the Flow Direction, 
barrel side
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Figure 4.65 Newport 7A Dried 4:1 Screw,        Figure 4.66 Newport 7A Dried 4:1 Screw,        Figure 4.67 Newport 7A Dried 4:1 Screw,  
Position 3, across the flow direction screw side       Position 3, parallel to the flow direction barrel side      Position 3, parallel to the Flow Direction Screw Side 
 
 
 
Figure 4.68 Newport 7A Dried 4:1 Screw          Figure 4.69  Newport 7A Dried 4:1 Screw        Figure 4.70 Newport 7A Dried 4:1 Screw,  
Position 4, parallel to the flow direction screw side    Position 4 across the flow direction flight area Position 5, across the flow direction flight area
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4.3.2 SEM/EDS Study of Pensacola Origin Material 
A similar study was conducted for profile produced using Pensacola plant sourced 
product. A full DOE was not conducted but random runs with varying process 
conditions were selected to compare the equivalent result from the focussed Newport 
Plant study. The overall results are presented in appendix 75 – 92. This section only 
shows those elements of the study worthy of highlighting separately. 
Figure 4.71 illustrates a possible curved layering effect (striations) within the melt 
towards the screw surface. This effect is not in the direction of the sampling cut and is 
therefore not believed to be an artefact of the sectioning procedure.  It might arise from 
the turbulent flow within the flight channel. There is the suggestion that the inorganic 
particulates are tending to align and follow the same curvature. Figure 4.71 also shows 
a magnification of the highlight yellow square where the aggregation appears to disrupt 
the flow pattern. 
 
 
Figure 4.71 Pensacola Run 1A Dried 2:1 Screw Melt Striations in Metering Zone – 
position 2 
 
Figure 4.72 to 4.75 show EDS particle analysis of Run 1A at various points along the 
screw length. SEM micrographs of various screw positions both across and in the 
direction of flow are shown in Figures 4.76 to 4.80. 
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Figure 4.72 Pensacola Run1A, dried, 2:1 screw, in the Flow Direction, position 2 
(Metering Zone) – SEM/EDS of Particle towards Barrel Surface 
 
 
Figure 4.73 Pensacola Run1A, dried, 2:1 screw, in the Flow Direction, position 2 
(Metering Zone) –EDS Spectra of Particle towards Barrel Surface 
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Figure 4.74 Pensacola Run1A, dried, 2:1 screw, in the Flow Direction, position 2 
(Metering Zone) –SEM Micrograph of Particle towards Screw Surface 
 
 
Figure 4.75 Pensacola Run1A, dried, 2:1 screw, in the Flow Direction, position 2 
(Metering Zone) – EDS Spectra of Particle towards Screw Surface
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Figure 4.76 Pensacola Run1A, dried, 2:1 screw,      Figure 4.77 Pensacola Run1A, dried, 2:1 screw,  
Across the Flow Direction, position 2 (Metering Zone)    in the Flow Direction, position 3 (Metering Zone) 
SEM of Particle Distribution        SEM of Particle Distribution 
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Figure 4.78 Pensacola Run1A, dried, 2:1 screw,       Figure 4.79 Pensacola Run1A, dried, 2:1 screw, in the 
Across the Flow Direction, position 4 (Transition/Metering Zone)   Flow Direction, position 4 (Transition/Metering Zone)  
           SEM of Particle Distribution 
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Figure 4.80 Pensacola Run1A, dried, 2:1 screw,    Figure 4.81 Pensacola Run 4A, dried, 4:1 screw, 
Across the Flow Direction, position 5 (Transition Zone)  Melt at the Screw Tip, position 1 
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The visual examination at the end of Run 4A had shown evidence of a grey plate-out on 
the screw tip and adjacent TPV material. This had disappeared from the TPV some 
weeks later. A SEM/ EDS analysis was conducted on the TPV tip material. 
 
 
 
 
 
 
 
 
 
Figure 4.82 Pensacola Run 4A, dried, 4:1 screw, Melt at the Screw Tip, position 1
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Figure 4.83 Pensacola Run 4A, dried, 4:1 screw, across the                Figure 4.84 Pensacola Run 4A, dried, 4:1 screw, across    
Flow Direction, position 2 (Metering Zone)      Flow Direction, position 5 (Transition Zone) 
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SEM/ EDS analysis was conducted on a particle initially believed to be a clay particle 
to confirm its nature, Figure 4.85. 
 
 
 
 
 
 
Figure 4.85 Pensacola Run 4A, dried, 4:1 screw, across the Flow Direction, position 5 
(Transition Zone) – screw side 
 
The following SEM/ EDS analysis was conducted on Pensacola Run 7A Dried Figures 
4.86 to 4.89. 
 
 
 
 
 
 
Figure 4.86 Pensacola Run 7A, dried, 4:1 screw, position 5, Screw Tip melt Surface 
High levels of particulates 
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Figure 4.87 Pensacola Run 7A dried, 4:1 screw, Across the Flow Direction, position 2 
(Metering Zone) 
 
 
 
 
 
 
 
Figure 4.88 Pensacola Run 7A dried, 4:1 screw, in the Across the Flow Direction, 
position 3 (Metering Zone) 
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Figure 4.89 Pensacola Run 7A dried, 4:1 screw, in the Across the Flow Direction, 
position 5 (Transition Zone) 
 
 
 
 
 
 
 
Figure 4.90 Pensacola Run 7, Un -dried, 2:1 screw, Across the Flow Direction, position 
2 (Metering Zone) 
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An SEM/ EDS analysis was conducted on two particles of similar form present in the 
sample taken from the „in flow‟ direction of the melt at the metering zone, position 2, 
Figure 4.91. 
 
 
 
 
 
 
 
Figure 4.91 Pensacola Run 7 Un- dried, 2:1 screw, in the Flow Direction, position 2 
(Metering  Zone) 
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Figure 4.92 Pensacola Run 7, Un -dried, 2:1 screw, Across the Flow Direction, position 
4 (Transition/ Metering  Zone) 
 
 
Figure 4.93 Pensacola Run 1, dried, 2:1 screw, in the Flow Direction, position 3 
(Metering Zone) Flight – Screw Surface 
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Figure 4.94 Pensacola Run1, dried, 2:1 screw, Across the Flow Direction, position 3 
(Metering Zone) Flight – Barrel Surface Boundary Layer 
 
 
 
Figure 4.95 Pensacola Run1, dried, 2:1 screw, in the Flow Direction, position 4 
(Transition/Metering Zone) Flight – Barrel Surface 
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Figure 4.96 Pensacola Run1, dried, 2:1 screw, in the Flow Direction, position 4 
(Transition/Metering Zone) – Barrel Surface 
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Figure 4.97 Pensacola Run1, dried, 2:1 screw, Across the Flow Direction, position 4 
(Transition/Metering Zone) – Barrel Surface 
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Figure 4.98 Pensacola Run1, dried, 2:1 screw, Across the Flow Direction, position 4 
(Transition/Metering Zone) – Barrel Surface – continued 
 
 
 
 
 
 
 
 
Figure 4.99 (a) Pensacola Run 1, dried, 2:1 screw, Across the Flow Direction, position 
4 (Transition/Metering Zone) – Flight  Area SEM and EDS Sample Areas 
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Figure 4.99(b) Pensacola Run1, dried, 2:1 screw, Across the Flow Direction, position 4 
(Transition/Metering Zone) – Flight  Area EDS spectra 
 
 
 
 
 
 
 
Figure 4.100(a) Pensacola Run1, dried, 2:1 screw, in the Flow Direction, position 5 
(Transition) – Barrel side 
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Figure 4.100(b) Pensacola Run1, dried, 2:1 screw, in the Flow Direction, position 5 
(Transition) – Barrel side 
 
 
Spectrum processing :  
Peak possibly omitted : 3.340 keV 
Processing option : All elements analyzed (Normalised) 
Number of iterations = 4 
Standard : 
C    CaCO3   1-Jun-1999 12:00 AM 
O    SiO2   1-Jun-1999 12:00 AM 
Al    Al2O3   1-Jun-1999 12:00 AM 
Si    SiO2   1-Jun-1999 12:00 AM 
Cl    KCl   1-Jun-1999 12:00 AM 
Au    Au   1-Jun-1999 12:00 AM 
Spectrum processing :  
No peaks omitted 
Processing option : All elements analyzed (Normalised) 
Number of iterations = 3 
Standard : 
C    CaCO3   1-Jun-1999 12:00 AM 
Cl    KCl   1-Jun-1999 12:00 AM 
K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 
Zn    Zn   1-Jun-1999 12:00 AM 
Au    Au   1-Jun-1999 12:00 AM 
Spectrum processing :  
No peaks omitted 
Processing option : All elements analyzed (Normalised) 
Number of iterations = 4 
Standard : 
C    CaCO3   1-Jun-1999 12:00 AM 
Cl    KCl   1-Jun-1999 12:00 AM 
Au    Au   1-Jun-1999 12:00 AM 
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Figure 4.101 Pensacola Run1, dried, 2:1 screw, in the Flow Direction, position 5 
(Transition) – Screw side 
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4.3.3 Study Observations 
The following general observations arising from this element of the study are discussed 
in greater depth in Chapter 6 by individual extrusion run. 
 
The fibrillation observed on some of the specimens is believed to arise from the 
cyanoacrylate mounting resin used. 
 
The study confirmed the presence of a distinct boundary layer containing a higher 
concentration of particulates predominantly at the barrel surface and to a lesser extent at 
the screw surface dependent on the processing condition used. There was also 
confirmation of melt striation in some samples. Examples of this can be seen in Figures 
4.24, 4.25 and 4.37 
 
Examination by EDS confirmed the presence of the calcined clay filler used in 
Santoprene
TM
 TPV production in the plate-out observed in the screw tip area and 
potentially plate-out fragments. Plate-out fragments similar to those observed in the 
large scale extrusion study at the Newport plant (Chapter 5) were identified in some 
samples.  
 
The SEM/ EDS element mapping study confirmed that the presence of stannous 
chloride, the principle curative component was not apparent in all sample cases. It is 
believed that the chlorine could recombine with either an inorganic component, zinc 
oxide, to produce zinc chloride or with residual moisture to produce hydrochloric acid. 
There is EDS evidence to suggest the formation of zinc chloride. It confirms that the 
stannous chloride is not always fully reacted during vulcanisation but some can remain 
as a residue in the material. 
 
Zinc chloride was identified and has a platelet form possibly arising from its solution in 
residual moisture. The brittle zinc chloride film was then subsequently broken up in the 
barrel. 
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4.4 Infra Red (FTIR) Analysis of Screw Surface Residues 
The spectra of the screw surface residues using the KBr disc method are given in 
Figures 4.102 – 4.115. The results were benchmarked against the cotton bud control, 
Santoprene
TM
 101-55W185 spectra and FTIR spectra of the principle constituents 
expected to be found in the materials, appendix 92 – 95. Due to changes in operator 
some spectra are recorded in transmission others absorbance. This was not an issue as 
the purpose of the analysis was to see if the samples tested that had shown some form 
of residue on the screw surface could be identified as components of the Santoprene
TM
 
TPV formulation. As such the interest was in the peak positions which did not change 
depending on graphical display mode. It is accepted that FTIR as a technique does not 
analyse for inorganic material but the intent was to assess if any organic components 
were bleeding to the metal surfaces, for example process oil or novolac resin. 
 
 
Figure 4.102 FTIR Spectrum of Santoprene
TM
 101-55W185 (benchmark) 
 
The following two spectra, Figure 4.103 were taken from clean swabs soaked in 
acetone (as a control) using the same preparation technique to determine whether the 
preparation released any materials (adhesive or cotton wool binding agent) to the 
SantopreneTM 101-55W185 (benchmark) 
175 
 
acetone and became an artefact of the preparation process. These peaks were removed 
from the spectral analysis of the samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.103 Spectra of Cotton wool Swabs Soaked in Acetone (control) 
 
 
The following spectra are taken from Newport DOE runs that showed evidence of some 
deposit either as a surface bloom or some form of residue.  
 
176 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.104 FTIR Analysis of Newport Material, Run 1A Dried, 4:1 Screw, Surface 
Bloom in Metering Zone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.105 FTIR Analysis of Newport Material, Run 7 Dried, 2:1 Screw, Surface 
Bloom in Metering Zone 
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Figure 4.106 FTIR Analysis of Newport Material, Run 7A Dried, 4:1 Screw, Surface 
Bloom in Metering Zone 
 
 
 
Figure 4.107 FTIR Analysis of Newport Material, Run 8 Dried, 2:1 Screw, Surface 
Residue in Metering Zone 
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Figure 4.108 FTIR Analysis of Newport Material, Run 8A Dried, 4:1 Screw, Surface 
Bloom in Metering Zone 
 
Figures 4.109 to 4.115 show the FTIR analysis results for the Pensacola material. 
 
 
Figure 4.109 FTIR Analysis of Pensacola Material, Run 1 Dried, 2:1 Screw, Surface in 
Screw Transition Zone 
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Figure 4.110 FTIR Analysis of Pensacola Material, Run 1A Dried, 4:1 Screw Surface 
Bloom in Metering Zone 
 
Figure 4.111 FTIR Analysis of Pensacola Material, Run 4A Dried, 4:1 Screw, Surface 
Deposit in Transition/Metering Zone 
Pensacola Run 4A dried 4:1 screw  
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Figure 4.112 FTIR Analysis of Pensacola Material, Run 4A Dried, 4:1 Screw, Surface 
Deposit on Screw Tip Melt 
 
Figure 4.113 FTIR Analysis of Pensacola Material, Run 7 Un-dried, 4:1 Screw, Surface 
Deposit in Transition/Metering Zone 
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Figure 4.114 FTIR Analysis of Pensacola Material, Run 7A Dried, 4:1 Screw, Surface 
Deposit on Screw Tip Melt 
 
Figure 4.115 FTIR Analysis of Pensacola Material, Run 7A Dried, 4:1 Screw, Surface 
Deposit in Transition/Metering Zone 
 
 
Pensacola Run 7A Dried 4:1 Screw 
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4.4.1 Study Observations 
The following general observations arising from this element of the study are discussed 
in greater depth in Chapter 6 by individual extrusion run. 
 
The results show that the technique of acetone washing the cotton wool swab, flashing 
off the solvent and grinding potassium bromide (KBr) powder in the vessel did show 
results for each run analysed. 
There was some suggestion that the acetone dissolved the cotton wool binding adhesive 
associated with the peaks at wavenumbers; 1383, 1460, 1710, 2850 and 2918 cm
-1
. 
These peaks were ignored in all the FTIR analyses. The peaks in the region of 
wavenumber 2349 cm
-1
 are related to the presence of atmospheric carbon dioxide and 
were also ignored. 
Novolac resin, a component of the Santoprene
TM
 TPV curing system was identified as a 
free component in the material not reacted during the vulcanisation. Residual mineral 
oil (plasticiser) was also identified. This was a key finding supporting the hypothesis 
that the reaction of zinc chloride (weak Lewis acid) with free novolac resin forms the 
binding agent for the plate-out. 
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CHAPTER 5: LARGE SCALE EXTRUSION TRIALS 
In conjunction with the smaller scale research work conducted at the University a larger 
scale industrial study was also conducted at the Newport manufacturing site. The work 
consisted of a review of the inherent variability of the manufacturing process and the 
factors that could possibly influence plate-out generation. This involved production 
scale trials on pre-determined variants of SantopreneTM 101-55W185 
 
5.1 Six hour Extrusion QA Testing 
In combination with the smaller scale research, larger scale studies were conducted at 
the Newport manufacturing plant focusing on the understanding of the process variation 
within the product manufacture and ultimately trialling possible product variants that 
could reduce or remove, the plate-out issues with Santoprene
TM
 grade 101-55W185 
 
5.1.1 Comparative Study of Three Newport Produced Lots for Plate-out Generation 
The extrusion runs monitoring sheets are shown in Tables 5.1 - 5.6 and show the 
observations made on each run in terms of extrusion performance. The aim was to 
assess the level of plate-out variation arising from product manufactured at differing 
times and extruded in the „as received‟ condition (supplied in foil lined bags) and after 
drying in a desiccant drier. The shelf life of the product is quoted at 3 years after 
manufacture. The extrusion runs were conducted in October 2005. 
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Table 5.1 Six Hour Extrusion Test Results for Un-dried Newport sourced Santoprene
TM
 
101-55W185, Lot Number NEJ3097. Manufactured October 2004. 
 
 
Table 5.2 Six Hour Extrusion Test Results for Dried Newport sourced SantopreneTM 
101-55W185, Lot Number NEJ3097. Manufactured October 2004. 
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Table 5.3 Six Hour Extrusion Test Results for Un-dried Newport sourced Santoprene
TM
 
101-55W185, Lot Number NFE 3010. Manufactured May 2005. 
 
 
 
Table 5.4 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185, Lot Number NFE 3010. Manufactured May 2005. 
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Table 5.5 Six Hour Extrusion Test Results for Un-dried Newport sourced Santoprene
TM
 
101-55W185, Lot Number NFG 3022. Manufactured July 2005. 
 
 
 
Table 5.6 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185, Lot Number NFG 3022. Manufactured July 2005. 
 
187 
 
The following Figures 5.1 to 5.6 show the machine condition at the end of the 6 hour run. 
  
 
       
 
    
 
 
 
 
 
 
 
Figure 5.1 Equipment Condition, Lot Number NEJ3097 Un-dried        Figure 5.2 Equipment Condition for Lot Number NEJ3097 dried 
D 
A B 
C 
E F 
A B 
C D 
E F 
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Figure 5.3 Equipment Condition, Lot Number NFE3010 Un-dried         Figure 5.4 Equipment Condition, for Lot Number NFE3010 dried 
A B 
C 
E 
D 
F 
F 
C D 
A B 
E 
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     (camera failed no further pictures available) 
 
 
 
Figure 5.5 Equipment Condition, Lot Number NFG3022 Un-dried                     Figure 5.6 Equipment Condition for Lot Number NFG3022 dried 
A B 
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5.1.2 Effect on Plate-out from Re-working Santoprene
TM
 Grade101-55W185 
The following results show the effect of re-working a known lot with confirmed plate-
out after a second pass through the production twin screw compounder. The aim was to 
determine if a second processing would possibly improve dispersion and distribution of 
the inorganic content, process oil and also increase removal of other volatiles via barrel 
venting. The original lot number was NFG3022 (previously used in the lot to lot 
comparison study) and after re-working the material was assigned a new lot number, 
NFK3073. The processing sheets for comparison are given in Tables 5.7-5.9 and 
equipment condition at the end of the run in Figures 5.7 to 5.9. 
 
 
Table 5.7 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185, Lot Number NFG 3022. Manufactured July 2005. 
 
 
 
 
 
 
191 
 
Table 5.8 Six Hour Extrusion Test Results for Un-dried Newport sourced Santoprene
TM
 
101-55W185, Lot Number NFK 3073. Re-worked October 2005. 
 
Table 5.9 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185, Lot Number NFK 3073. Re-worked October 2005. 
 
Figures 5.7- 5.9 Compares the equipment condition at the end of each six hour run. 
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Figure 5.7 Equipment Condition at the End of Run for the control lot NFG3022 Dried 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 Equipment Condition at the End of Run for the Control lot  NFK3073 
 Un-Dried 
 
 
Breaker Plate Condition  
After Testing 
Scraped Screw Surface  
After Testing 
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Figure 5.9 Equipment Condition at the End of Run for the Control lot                   
NFK3073 Dried 
 
 
5.1.3 Comparative Study between Newport and Pensacola Sourced Products. 
Table 5.10 to 5.13 shows the results of the extrusion performance of the Newport 
sourced material over the six hour test period. Drying in all cases utilised a desiccant 
hopper drier. Figures 5.10 to 5.13 are the photographs taken of the equipment condition 
at the end of each run 
 
Scraped Screw Surface  
After Testing   
Breaker Plate Condition  
After Testing 
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Table 5.10 Six Hour Extrusion Test Results for Un-dried Newport sourced 
Santoprene
TM
 101-55W185. 
 
 
Table 5.11 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185 
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Figures 5.10- 5.11 show the equipment condition at the end of the six hour extrusion runs for Newport sourced Santoprene
TM
 101-55W185 both  
un-dried and dried. 
 
   
 
 
 
 
 
 
 
 
 
Figure 5.10 Newport Dried Santoprene
TM
 101-55W185   Figure 5.11 Newport Un-dried Santoprene
TM
 101-55W185 
Lot Number, NHC 3093       Lot Number, NHC 3093
196 
 
Table 5.12 shows the results of the extrusion performance of the Pensacola sourced 
material over the six hour test period.  
Table 5.12 Six Hour Extrusion Test Results for Un-dried Pensacola sourced 
Santoprene
TM
 101-55W185. 
 
Table 5.13 Six Hour Extrusion Test Results for Dried Pensacola sourced Santoprene
TM
 
101-55W185.
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Figures 5.12 - 13 show the equipment condition at the end of the six hour extrusion runs for Pensacola sourced Santoprene
TM
 101-55W185 both  
un-dried and dried. 
 
 
 
 
 
Figure 5.12 Pensacola Dried Santoprene
TM
 101-55W185    Figure 5.13 Pensacola Un-dried Santoprene
TM
 101-55W185 
Lot Number PFF2037          Lot Number PFF 2037
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5.1.4 Six Hour Extrusion Testing of Santoprene
TM
 101-55W185 Variants 
The intention was to understand the influence of a modified extrusion process and 
formulation changes on the levels of plate-out produced in materials produced at the 
Newport plant.  
 
Lot No. Variant Variant Description 
NGH 1501 1 
P52 screw (Pensacola standard screw geometry / 
standard Newport process conditions.) 
NGH 3511 2 P53 screw (Newport standard screw / conditions) 
NGH 3512 3 Reduced resin-in-oil (RIO) 
NGH 3513 4 No venting on barrel 
NGH 3514 5 Reduced stannous chloride (SnCl2) –20%. 
 
 Benchmarking study comparing Pensacola screw geometry with Newport screw  
 NGH 3511was the study benchmark, standard W185 production at Newport. 
 Based on literature, transport media in the melt exacerbate plate-out formation, 
so the influence of moisture and plasticiser levels both during product 
manufacture and subsequent extrusion processing were also variables 
investigated. 
 
 
The following Tables, 5.14- 5.23 are the process monitoring sheets for each run for both 
dried and un-dried product. Unacceptable areas of performance to the QA test are 
highlighted in red. 
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Table 5.14 Six Hour Extrusion Test Results for Un-dried Newport sourced 
Santoprene
TM
 101-55W185 Variant 1  
 
 
Table 5.15 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185 Variant 1  
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Table 5.16 Six Hour Extrusion Test Results for Un-dried Newport sourced 
Santoprene
TM
 101-55W185 Variant 2 (benchmark) 
 
 
Table 5.17 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185 Variant 2 (benchmark) 
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Table 5.18 Six Hour Extrusion Test Results for Un-dried Newport sourced 
Santoprene
TM
 101-55W185 Variant 3 
 
 
Table 5.19 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185 Variant 3 
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Table 5.20 Six Hour Extrusion Test Results for Un-dried Newport sourced 
Santoprene
TM
 101-55W185 Variant 4 
 
Table 5.21 Six Hour Extrusion Test Results for Dried Newport sourced  
Santoprene
TM
 101-55W185 Variant 4 
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Table 5.22 Six Hour Extrusion Test Results for Un-dried Newport sourced 
Santoprene
TM
 101-55W185 Variant 5 
 
 
Table 5.23 Six Hour Extrusion Test Results for Dried Newport sourced Santoprene
TM
 
101-55W185 Variant 5 
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One of the key quality assurance characteristics required for this 6 hour test is a 
pressure delta of less than 30 bar. Figures 5.14 and 5.15 shows the influence of drying 
and the effect of variant change on extrusion pressure. 
 
 
Figure 5.14 Extrusion Pressure Change over the 6 Hour extrusion Test run for Dried 
Material 
 
 
Figure 5.15 Extrusion Pressure Change over the 6 Hour extrusion Test run for Un-dried 
Material 
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The following Figures, 5.16 – 5.25 show the equipment condition at the end of variant 
run  comparing dried to un-dried  in terms of the development of plate-out. Areas 
viewed were the die face, breaker plate and screw surface. 
 
 
 
 
 
 
 
 
Figure 5.16 Equipment Condition at the End – Variant 1, dried 
Lot Number NGH 1501 
 
 
 
 
 
 
 
 
 
    Figure 5.17 Equipment Condition at the End – Variant 1, un-dried 
Lot Number NGH 1501
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Figure 5.18 Equipment Condition at the End – Variant 2, dried      Figure 5.19 Equipment Condition at the End – Variant 2, un-dried 
 Lot Number NGH 1511           Lot Number NGH 1511
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       Figure 5.20 Equipment Condition at the End – Variant 3, dried           Figure 5.21 Equipment Condition at the End – Variant 3, un-dried 
Lot Number NGH 1512         Lot Number NGH 1512
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Figure 5.22 Equipment Condition at the End – Variant 4, dried    Figure 5.23 Equipment Condition at the End – Variant 4, un-dried 
        Lot Number NGH 1513       Lot Number NGH 1513
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    Figure 5.24 Equipment Condition at the End – Variant 5, dried  Figure 5.25 Equipment Condition at the End – Variant 5, un-dried 
         Lot Number NGH 1514          Lot Number NGH 1514
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5.1.5 Observations summary 
A brief summary of the observations made during this study is given below and is 
discussed in detail in Chapter 6. 
 
The comparative six hour extrusion study illustrated the propensity for free oil within 
the materials to migrate to metal surfaces as illustrated by the bleeding observed on the 
die face. This could be an aid to inorganic particulate movement to the metal surfaces. 
 
There were variations in the tested materials response to the process conditions 
illustrating that between manufactured lots there is a natural variation in melt rheology 
and potentially inorganic particle dispersion and distribution. This then questions the 
relevance of the quality assurance standard melt viscosity test which is recorded at 1200 
s
-1 
for Santoprene
TM
 TPV extrusion grades. 
 
Pre-drying the material in a desiccant drier did not prevent plate-out formation. This 
suggests that the manufactured materials still contain internally bound moisture 
possibly associated with hygroscopic stannous chloride. 
 
Plate-out deposits were only observed in the metering/ mixing zone of the screw. 
 
Re-working a lot number of material with known plate-out issues did not remove the 
materials propensity to plate-out irrespective of pre-drying prior to processing. 
 
Comparing the plate-out formation differences between the Pensacola and Newport 
sourced products it was seen that there was a thicker grey more „powder-like‟ layer on 
the screw tip and mixing elements in the case of the Pensacola material, where as the 
Newport plate-out observed appeared to be more of an even film on the tip and was less 
evident. Newport run plate-out on the screw surface was again a more hazy very thin 
film which was not seen at all in the Pensacola runs. This suggests the influence of 
differing raw material sources between manufacturing sites and possibly slight 
variations in the manufacturing approach. 
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From the Santoprene
TM
 101-55W185 variants study it was concluded that changing the 
screw design did not produce an acceptable material compared to the standard 
production benchmark. Reducing the level of resin-in-oil used lead to heavy plate-out. 
Barrel venting was identified as a key contributor to reducing plate-out formation, 
suggesting that there is the presence of moisture in the melt during manufacture. The 
most influential factor arising from the study was that of the reduced stannous chloride 
addition level. 
 
5.2 Moisture Content Analysis 
5.2.1 The manufacturing sites as part of their quality assurance (QA) process measure 
the moisture content of finished product at the point of bag off either into bags or boxes. 
The internal procedure used is only able to measure the external moisture present on the 
pellet surface of a 70 gram sample and is reported on the certificate of quality as a 
percentage of moisture present. To analyse the variance within the manufacturing 
process the historical measured moisture contents were compared for Santoprene
TM
 
101-55W185 over five year period ranging from 2000 to 2005, Figure 5.26. Each bar 
represents a separate manufactured lot of material. 
 
 
Average = 0.025% 
Median = 0.023% 
Range = 0.003 – 0.047% 
Figure 5.26 Historical Moisture Content Levels for Santoprene
TM
 Grade 101-55W185 
 
Measured Moisture Content (%) for Newport Manufactured 
Santoprene
TM
 101-55W185 from 2000-2005 with Linear Trend 
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Lot to lot comparison 
Only 2 lot numbers were still available from the original extrusion testing, Table 5.24. 
Lot number NFE 3010 being totally consumed during the extrusion process. The two 
lots tested were, Santoprene
TM 
101-55 W185. Lot Number NEJ 3097 and Lot Number 
NFG 3022. 
Table 5.24 Moisture Content Analysis between Lot Numbers 
 
5.2.2 Effect of Re-Working on External and Internally Bound Moisture Content 
Table 5.25 shows the measured external and internal moisture contents before and after 
re-working Santoprene
TM
 101-55W185 lot number NFG3022. The re-worked material 
was measured from two random samples taken before and after the recommended 
standard drying procedure, 3 hours in a desiccant drier at 80 
0
C. 
 
Table 5.25 Moisture Content Analysis of Material before and after Re-working 
  Newport Santoprene
TM
 101-55 W185 
Condition Units Lot No. NFG3022 
(Control Ref.) 
Lot No. NFK3073 
  External [H20] Internal [H20] External 
[H20] 
Internal 
[H20] 
Un-dried ppm 604 652 609, 568 575, 585 
Dried ppm 126 561 310, 352 549, 508 
 
5.2.3 Moisture Content Analysis of Pensacola Santoprene
TM
 101-55W185 
The measured moisture content can be compared to lot number NFG3022 in Table 5.26 
above as this was used in the six hour extrusion study comparing manufacturing 
sources.  
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Table 5.26 Moisture Content Analysis of Pensacola Material 
  Pensacola Santoprene
TM
 101-55 W185 
  Lot N0. PFF2037 
Condition Units External H2O Internal H2O 
Un-dried ppm 369 277 
Dried ppm 286 278 
 
5.2.4 Moisture Content Analysis of Santoprene
TM
 101-55W185 Variants 
The table below summarises the measured moisture contents pre and post drying for 
each of the variants tested. 
 
Table 5.27 Moisture Content Analysis of Newport Material Variants 
 
5.2.5 Observations Summary 
Historical moisture content analysis conducted at the Newport plant show a variation in 
measured moisture content by manufactured lot number. However the actual level 
remains low. 
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The current test does not allow for the measurement of any internal moisture present in 
the manufactured Santoprene
TM 
TPV pellets. This was deemed crucial in understanding 
the root cause of plate-out formation. 
 
The comparative pre-drying study of three lot numbers of material illustrated the 
limitations of the current test method. 
 
The pre-drying process controlled surface moisture to a maximum 0.03% but its 
influence on removing internal moisture in the pellets was not significant.  
 
The current moisture test therefore remains only as an indicative measure of actual 
moisture levels present. 
 
The moisture content analysis of Pensacola material was measured for both internal and 
external moisture. The measured externally and internally bound moisture content of 
this lot number PFF2037 had a low initial external moisture content of 0.035% in the 
un-dried condition which was further reduced to 0.03% after drying. Of most relevance 
is the level of internally bound moisture which at 0.028% is approximately half that 
measured for Newport sourced material. This could be why the plate-out seen in 
materials sourced from different plants can take a different form. 
 
The moisture content analysis of the SantopreneTM TPV variants study gave measured 
moisture contents of the materials that varied considerably. This may be in part down to 
the small sample size used although the apparent anomaly observed with NGH 3511, 
was found to be a real result by repeat testing. This highlights the variation in overall 
moisture content that is possible in the production situation. Sampling position within 
the drier (top to bottom) may also be critical to the measured external moisture content. 
 
 The standard drying regime, three hours at 80 
0
C does not remove a significant amount 
of the bound moisture, at best approximately 50%. Although not yet proven, the 
residual level of internal moisture, mainly from the stannous chloride may be a 
significant contributor to plate-out. 
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5.3 SEM/ EDS Analysis of Inorganic Components 
5.3.1 Comparison of Clay Distribution within Compound Morphology  
The aim was to see if there were any differences between the clays used and their 
distribution / dispersion within the matrix. 
Clay types: 
Newport clay – „Standard‟ Imerys - Polestar 200P (source Cornwall, UK.)  
Pensacola clay -  Burgess - Icecap K (source Georgia, USA.) 
Samples for the analyses were taken from injection moulded plaques supplied from 
Newport QA labs and were analysed with SEM/EDS after microtome slicing. The test 
method used was scanning electron microscopy (SEM) and Elemental analysis (EDS) 
to ExxonMobil method MIC04-1.3. 
 
The following Figures 5.27 – 5.28 show the results of SEM/EDS evaluation of the 
samples. 
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SEM/ EDS: Backscatter Micrograph showing Clay distribution and Elemental mapping 
 
 
 
 
 
 
 
 
Figure 5.27 SEM & EDS on Imerys Polestar 200P Clay 
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SEM/ EDS: Micrograph showing Clay distribution and Elemental mapping 
 
 
 
 
 
 
 
 
Figure 5.28 SEM & EDS on Burgess Icecap K Clay Dispersion 
5.3.1.1 Study Observations 
Further detailed discussion from this study is given in Chapter 6. 
From the results of SEM/ EDS analysis of the two clays, the clay particles were seen to 
be more „elongated‟ in the case of the Burgess clay and have a larger size and size 
distribution. There were also differences in aspect ratio between the clays. In general 
the Burgess clay particles appeared to be less angular in form.  
 
The Burgess clay element maps also suggested an aligning effect of the clay particles in 
the section, Imerys clay being more random dispersion. This may help to explain the 
plate-out alignment seen on the screw tip (spiral form) and lines of plate-out on the 
screw surface. 
 
218 
 
EDS element mapping showed that the primary constituents were as expected 
aluminium and silicon but the trace elements present were different;  
Imerys Polestar 200P Clay - spectrum: Major: Al,Si; Traces: S,Cl,K,Sn,Ca,Cr,Fe 
Burgess Icecap K Clay -  spectrum: Major:      Al,Si ; Traces: Zn,S,Cl,K,Sn,Ca,Cr,Fe 
 
5.3.2 SEM /EDS Characterisation of Inorganic Materials 
Figures 5.29 -5.35 shows the SEM and EDS analysis of the principal inorganic 
components of Santoprene
TM
 resin cured TPV. Whilst the basic ingredients remain the 
same their sourcing is different between Newport and Pensacola manufacturing plants. 
A comparison of the clays used in production was conducted, arising from the large 
scale extrusion study (Chapter 5.3), Figures 5.29 to 5.31. The aim was to discover if 
differences in size and structure could be a contributory factor to migration and 
eventual plate-out. 
 
A characterisation study was also conducted on the other inorganic components present 
in both materials. The results of this study are given in Figures 5.32 – 5.35 showing the 
SEM and EDS analysis of the remaining inorganic components. 
 
 
Figure 5.29 SEM Analysis of the Structure of Burgess Icecap K Clay 
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Figure 5.30 SEM Analysis of the Structure of Imerys Polestar 200P Clay 
 
 
Figure 5.31 Elemental Plots showing the Comparison between Burgess Icecap K and 
Imerys Polestar 200P clays 
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Figure 5.32 SEM Analysis of Masons Stannous Chloride 
 
Figure 5.33 SEM Analysis of Horse Head Zinc Oxide 
 
Figure 5.34 SEM Analysis of William Blythe Stannous Chloride 
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Figure 5.35 Elemental Plots Showing the Constituents of the Principal Remaining 
Inorganic Components of the Materials 
 
5.3.2.1 Observations Summary 
Further discussion can be found in Chapter 6. 
The main observation was that the Imerys clay appeared to have more angular platelets 
and be more aggregated. This may account in part to the observed differences in plate-
out deposit between manufacturing sites. 
 
For the stannous chloride types, there were some distinct differences in structure, the 
Masons stannous chloride being more porous and platelet in form. This is very similar 
in structure to the plate-out fragments observed and discussed in the Chapter 4 SEM 
study.  
 
The zinc oxide powder consisted of small aggregates of varying size with a rounded and 
cylindrical structure that would assist in its mobility within the melt. 
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5.4 SEM/EDS Plate-out Analysis 
5.4.1 This study attempted to determine any differences in the nature of the plate-out 
observed after the extrusion testing of Newport Santoprene
TM
 101-55 W185, lot 
number, NFG 3022 and Pensacola Santoprene
TM
 101-55 W185, lot number PFF 2037 
using SEM/ EDS to ExxonMobil method: MIC04-1.3. Examination of the retained 
screw residues from extruder trials showed particles of differing colours. These were 
individually selected for EDS analysis; 
 Pensacola, PFF2037 grey (all particles  had the same colour) 
 Newport, NFG3022 brown deposit on black rubber particle 
 Newport, NFG3022 black rubber particle (removed brown deposit) 
 Newport, NFG3022 grey. 
 
 
Figure 5.36 EDS Spectra of Pensacola Material Plate-out. 
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Figure 5.37 Newport Material –Black Rubber Particle 
 
 
Figure 5.38 Newport Material -Brown Deposit on Black Rubber Particle 
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Figure 5.39 Newport Material – Grey Deposit. 
 
The following elements were detected and given a 'semi-quantitative description',
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Table 5.28 SEM / EDS Results for Residue Removed From the Screw
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Table 5.29 SEM / EDS Results for Residue Removed From the Filter 
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Pensacola Produced Santoprene
TM
 101-55 W185 
 
 
 
 
 
Figure 5.40 Screw Tip Residues of Dried and Un-dried Pensacola Material.  
 
 
   
 
 
 
Figure 5.41 Residues in the Mixing Zone of Dried and Un-dried Pensacola Material. 
Lot  PFF3037 Dried >2H@70 
0
C 
Lot  PFF3037 Dried >2H@70 
0
C 
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Figure 5.42 Screw Flight Condition For Dried And Un-dried Pensacola Material. 
Newport Produced Santoprene
TM
 101-55 W185 
 
 
Figure 5.43 Screw Tip Residues of Dried and Un-dried Newport Material
NEJ 3097 Dried NEJ 3097 Un-Dried 
Lot  PFF3037 Dried >2H@70 
0
C Lot  PFF3037 Un-Dried  
229 
 
   
Figure 5.44 Screw Flight Condition For Dried And Un-dried Newport Material. 
 
5.4.2 Observation Summary 
EDS had shown that samples of plate-out appeared to differ in their major constituents. 
Product from the Newport manufacturing plant consisted primarily of plate-out 
associated with the curative system, composed of Zn, Sn, and Cl, (more curative 
related). Pensacola produced material had plate-out whose major constituents appeared 
related more to the clay fillers. 
 
Newport‟s plate-out is a thin film primarily observed on the screw root with a light 
coating on the screw tip whilst Pensacola plate-out was a more „powdery‟ type deposit 
in the mixing elements and on the screw tip. 
What was noticeable was the wider variation in colour of the deposit for the Newport 
material ranging from grey to black. The Pensacola deposit was essentially grey in 
colour. The most likely reason was related to the two plate-out type constituents being 
different. 
 
The overall plate-out fingerprint of both deposits remained the same. 
For the variants study the following was observed, 
For the different screw geometry, variant 1, varying coloured resides were extracted and 
the black residue was found to contain all the expected components of plate-out.  
 
The coloured residues were found to be predominately clay with traces of stannous 
chloride.  
 
NFE 3010 Dried 
 
NFE 3010 Un-Dried 
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For the benchmark material, variant 2, all expected plate-out constituents were found 
when the material was dried but in the un-dried condition the deposit was different, 
consisting mainly of clay filler. 
 
In the case of variants 3 and 4 (resin-in-oil reduction and no barrel venting), plate –out 
was identified. 
 
In variant 3 and in variant 4 when dried an increase in stannous chloride was observed.  
 
For the low stannous chloride variant 5, in the un-dried condition plate-out constituents 
were found but once dried there was no detectable plate-out found. A key finding in the 
context of the study. 
 
5.5 Product Properties 
5.5.1 As part of the overall investigation the variation in melt viscosity was analysed 
between manufactured lots, Figure 5.45 and within a specific lot number, Figure 5.46 to 
understand the level of variation that could be expected and hence the relevance of the 
measured differences. 
 
 
 
 
 
 
 
 
Figure 5.45 LCR Viscosities as a Function of Strain Rate for Different  
Manufactured Lots 
Melt Viscosity Comparison of SantopreneGrade 101-55W185 at 
Different Strain Rates using an LCR Viscometer
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Figure 5.46 LCR Viscosities as a Function of Strain Rate for Different 
Manufactured Lots 
 
5.5.2 LCR Melt Viscosity of Santoprene
TM
 101-55W185 Variants 
Table 5.30 and Figures 5.47 – 5.48 shows the variation in melt viscosity as a 
consequence of variant changes. 
Table 5.30 LCR Testing of Variants 
 
 
 
 
 
 
 
 
 
Repeatability Check of LCR Test on Santoprene
TM
 Grade
 101-55W185, Lot No. NFG3022
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Figure 5.47 Plot of LCR Release Viscosity of Santoprene
TM 
101-55W185 Variants 
 
 
 
 
 
 
 
 
 
Figure 5.48 Plot of LCR Viscosity of Santoprene
TM
 101-55W185 Variants at Low 
Shear Rates 
 
 
LCR Viscosity Plots of Santoprene
TM
 101-55W185 
Variants
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LCR Viscosity Plots at Low Shear Rate
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5.5.3 Key Physical Properties 
Table 5.31 Shows the in process physical properties measurement and the final product 
release properties for each of the variants produced. Some of these are related to the 
application requirements (sealing) and conformance to EN681-2 2000 pipe seal norm. 
In particular is the materials performance for compression set and compression stress 
relaxation, Tables 5.32 and 5.33. 
Table 5.31 Measured Physical Properties for Santoprene
TM
 101-5W185 Variants 
 
As a consequence of the analysis of the variants study for plate-out a new formulation 
and process adjustments were made. The results of 168 hour compression set testing of 
this new lot, is shown in Table 5.33 and compression stress relaxation, Figure 5.49 and 
Table 5.32. 
 
 
 
 
 
 
 
 
 
 
Figure 5.49 Plot of 168 hour (7 Days) Compression Stress Relaxation Results 
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Table 5.32 168 hour Compression Stress Relaxation Data of 4 Tests of Santoprene
TM
 
101-55W185, Lot No. NHC3093. 
 
 
 
 
 
 
 
 
 
The results of compression set testing of Lot No. NHC3093 is given in Table 5.33.  
 
Table 5.33 Compression Set Values for Lot No. NHC3093 
 Santoprene
TM
 101-55W185 
CS in %  Lot No. NHC3093 
CS % at RT 72h 22 
CS % at -10degC 72h 64 
CS % at 70degC 24h 22 
Compression set ISO 815 type A in % 
ISO 815 CS measured after 30 min relaxation at -10 °C with thickness  gauge at RT type A. 
Deviation from the norm: measured after 30 ' relaxation at -10 °C with  thickness gauge at RT 
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5.5.4 Observations Summary 
From a quality control perspective there is the consistency of performance of the melt 
viscosity of the product at the QA check point of 1200 s
-1
. 
 
At lower strain rates associated with the extrusion process the melt viscosity behaviour 
becomes more variable. 
 
In terms of melt viscosity all the SantopreneTM TPV variants displayed similar 
characteristics to the production benchmark apart from the variant where no barrel 
venting was used. It was expected that the product would have higher volatiles content 
and as such, the melt viscosity would drop. This was not the case. 
 
In terms of general properties the variants met the required property levels. 
 
 
5.6 SEM/ EDS Determination of the Structure of Plate-out 
5.6.1 SEM/EDS of the surface of plate-out towards the metal surface. 
An initial analysis of the general surface was conducted to confirm the inorganic 
elements present. What is clear from the SEM micrographs is that the plate-out surface 
generally, has a complex morphology, Figure 5.50(A). Surprisingly, some form of 
broken skin layer was observed, but only in localised areas on the surface, Figure 
5.50(B). The origin / cause was unknown at this time and was analysed and compared 
to the „grey‟ area in terms of structure and element content. 
 
  
 
 
 
 
   (A)                          (B) 
Figure 5.50 General Surface Morphology of Plate-out Surface 
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The general area of the plate-out surface was analysed by EDS to confirm its inorganic 
composition away from the unknown fragments, Figure 5.53.  
 
5.6.2 SEM analysis of „grey‟ area of the plate-out surface, Figure 5.51. 
The results of the surface analysis in this region of the sample are given in Figure 5.54 
 
 
 
Figure 5.51 Sample taken from „Grey‟ Area of Plate-out 
 
5.6.3 SEM analysis of surface of „yellow „area of plate-out, Figure 5.52. 
The results of the surface analysis for this region of the sample are given in Figure 5.55. 
 
 
Figure 5.52 Sample Taken from „Yellow‟ Area of Plate-out (gold coated) 
 
5.6.4 Element mapping of the various seen in „yellow‟ and „grey‟ areas.  
The results of the surface mapping analysis in these regions of the sample are given in 
Figure 5.53 and 5.57. The fragmented film observed on the ‟yellow‟ surface was 
mapped separately, Figure 5.58. 
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5.6.5 EDS Spectra comparing the structures. 
A comparison of the structures seen in the surfaces, Figure 5.56 „grey‟ and those 
observed in the „yellow‟ region, Figure 5.57 was conducted. The spectra of both 
surfaces analysed are shown for comparison in Figure 5.60. 
 
 
5.6.6 Investigation of the plate-out structure in section 
Sections were taken through the thickness from various areas of the sample. Figures 
5.61- 5.64 show the structure of the plate-out by SEM and the EDS mapping of the 
elements present in each layer. The plate-out thickness varied across the samples taken. 
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Figure 5.53 Element Mapping – Plate-out Morphology Top Surface (to metal surface). 
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Figure 5.54 SEM Analysis Showing Variable structures Present in the „Grey‟ Areas of 
the Sample Surface. 
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Figure 5.55 SEM Analysis Showing Variable Structures Present in the „Yellow‟ Areas 
of the Sample Surface. 
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Figure 5.56 EDS Surface Mapping of „Grey‟ Area on Sample surface 
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Figure 5.57 EDS Surface Mapping of „Yellow‟ area on Sample surface 
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Figure 5.58 EDS Mapping –Distinct Structures in „Yellow‟ Areas of the Surface. 
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Figure 5.59 EDS Spectra of Crystals in the „Grey‟ Area 
 
 
 
 
 
 
Figure 5.60 EDS Spectra of the „Yellow‟ Area of the Plate-out Surface. 
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Figure 5.61 Elemental Mapping of Section through Plate-out from Newport Plant, 
Sample 1. 
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Figure 5.62 Elemental Mapping of Section through Plate-out from Newport Plant, 
Sample 2. 
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Figure 5.63 Elemental Mapping of Section through Plate-out from Newport Plant, 
Sample 3. 
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Figure 5.64 Elemental Mapping of Section through Plate-out from Newport Plant, 
Sample 4. 
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5.6.7 Observations Summary 
Further discussion in detail can be found in Chapter 6. 
This study has produced something unique, an analysis of the structural formation of a 
plate-out deposition. 
It should be noted that it represents the plate-out condition towards the metal surface as 
it was impossible not to potentially lose some of the layer because of adhesion.   
 
The surface analysis demonstrated that the plate-out was not of a uniform nature as 
illustrated by the yellow and grey deposits. 
 
This study confirmed that the plate-out formation was more complex than a simple 
aggregation of inorganic material; the shape and shape of the fragments precluded them 
being clay particles. 
 
The results show the surface is comprised predominantly of tin, chlorine, zinc and 
oxygen with a concentration of carbon which could conceivably encompass novolac 
resin for one very specific clay particle identified. 
 
The surface of the grey area comprises of a smooth porous material (not unlike stannous 
chloride) contained rectangular structures in varying degrees of orientation (A) which 
are most likely stannous chloride, Figure 5.32, small rounded particles (D) possibly zinc 
oxide powder and evidence of clay (B). In addition, another needle like structure was 
observed (C) which appeared to fan out but it was unclear if this was indeed something 
different or the edge view of a clay platelet. 
 
The surface topography of the yellow area is different to that of the grey being of a 
more fractured nature. This had even higher levels of porosity. 
 
An area of interest was the feature that was presumed to be a fragmented film layer. Its 
adhesive qualities were clearly visible from the zinc oxide adhered to the underside of 
the film fragment. The fact that one surface of these fragments is seen to be smooth 
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with no adherent particles suggests that at some point this substance was against a metal 
surface. 
 
In the case of element mapping of both the „grey‟ and „yellow‟ plate-out surfaces, for 
the „grey‟ area the mapping shows a predominance of tin and chlorine elements, 
stannous chloride, with a lower level of evenly dispersed clay and zinc oxide. There are 
indications of organic material (C) being present in localised concentrations and this 
would suggest the presence of novolac or resin-in-oil. The iron (Fe) is most likely an 
impurity from the extruder metal. 
 
For the „yellow‟ area the same observations are made with respect to the elements 
present and the principal component would appear to be stannous chloride. In this case 
the carbon content is stronger and more localised to the black areas seen in the 
micrograph. 
 
This study also aimed at try to understand if the plate-out so commonly seen was 
structured in any way or it remained an aggregation of the component parts of plate-out. 
It was shown to have a distinct layered structure believed to have not been seen before. 
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CHAPTER 6: GENERAL DISCUSSIONS 
The purpose of this study was twofold; to determine if possible, how and where plate-
out formation occurred in the extrusion processing of the general purpose pipe seal 
grade (can be used in extrusion and injection moulding) Santoprene
TM
 101-55W185 
TPV. This problem had been seen since the initial products were introduced into the 
market in the early 1980‟s and whilst it can affect all resin cure grades, the later 
introduced Santoprene
TM
 8000 grades utilising a proprietary silicon hydride curing 
chemistry does not suffer the same extent. Plate-out appears to be more specific to the 
resin cure system. The grade used in this study was selected because of its recorded 
plate-out issues in the market. As discussed previously the same lot number of material 
could give plate-out at some customers and not others. The hypothesis for the study 
was; plate-out initiation occurs in the transition and metering onset regions of the screw 
where there is a complex melt state aided principally by the temperature and changes in 
pressure. The partially miscible free oil and immiscible inorganic material situated 
around the EPDM particles and between these and the polypropylene matrix, in 
addition to that in the amorphous phase of the polypropylene is effectively squeezed 
outwards. The second element of the study was to attempt to start to understand the 
nature of the plate-out itself, its constituents and structure, and the potential 
mechanisms that assisted deposition. 
 
6.1 The Influence of Process Conditions on Plate-out formation 
6.1.1 Haake Extrusion Process Analysis 
The visual assessment results after 30 minutes extrusion for the Newport produced 
Santoprene
TM
 101-55W185 in the un-dried condition (as-received from sealed bag), 
Tables 4.2 and 4.3, did not show any suggestions of plate-out deposit or bloom on the 
screw surface for either compression ratio screws. This was somewhat surprising as 
moisture has been considered by many as a potential transport medium for inorganic 
particle migration. Either the product had been dried at the point of manufacture to a 
very low moisture content level or the level was so high as to possibly cause a steam 
layer to form at the metal: melt interface in the non vented extrusion set up so hindering 
particle adherence. Had this been the case one might have expected the resulting strip 
profile to show evidence of moisture inclusion, pitting of the surface, porosity, die face 
build up and excessive fuming on die exit. None of these were apparent.   
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When comparing the results of the same set up and processing conditions on material 
pre-dried for several hours in an oven at 80 
0
C, Tables 4.4 and 4.5, it can be seen that 
contrary to the published theory
(93)
, that drying helps to prevent plate-out formation, the 
material starts to show evidence of plate-out. This is independent of the compression 
ratio of the screw and the die size. There is evidence that the run condition in both 
screw types is a key factor. For DOE runs; 3, 3A, 4, 4A, 5, 5A, 6, 6A there was no 
visual evidence of plate-out.  
 
Comparing process conditions in Table 6.1 it appears that the strongest influencer on 
plate-out formation for Newport Plant sourced material appears to be lower barrel 
temperature.  Interestingly lower temperatures are recommended by the manufacturer 
for ease of processing. 
 
Lower screw rpm produces an „oil like‟ bloom on the screw surface irrespective of 
screw compression ratio whilst increased output does appear to produce more defined 
deposition, runs 2, 2A and 8. For run 8A, the higher compression ratio screw, having a 
higher shear rate for the same process condition only shows an oily film on the screw 
surface. 
 
Most notable is the plate-out deposit in run 2 and 2A, here unlike the other runs the 
deposit is seen to occur in the transition area of the screw and supports the initial theory 
that the pressure and shear changes in this area of the screw is the probable initiation 
point of inorganic particulate movement and hence plate-out formation. All other visual 
evidence shows blooming in the metering region of the screw. The golden brown 
deposit observed (too small to sample) in run 8 may support the theory that the presence 
of residual novolak resin-in-oil not consumed in the EPDM cure may migrate to the 
metal surface (immiscible in the polypropylene matrix) and act as a tackifier to promote 
adhesion of particulates to the screw (and most probably the barrel surface). Novolak 
resin is typically a yellow-brown colour. This may be the basis for the observed 
differences in plate-out form between Newport and Pensacola products (Chapter 5)  
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Table 6.1 Comparison of Process Conditions on Newport DOE Runs Showing 
Plate-out Initiation 
 
Based on work conducted on a larger scale (discussed in chapter 5) where differences in 
plate-out were observed between Newport and Pensacola sourced product, four runs 
were selected from the DOE design in un-dried and dried condition to reflect no deposit 
and deposit conditions, Tables 4.6 - 4.9. This was done to evaluate the influence of 
place of manufacture. In Pensacola the novolak resin is used in a pastille form.  
 
In this case, the influence of material drying is less clear with both dried and un-dried 
runs showing both bloom and plate-out but also conditions showing no deposit at all. In 
the un-dried condition runs 1, 1A, 4A and 8A, Tables 4.6 showed no visual evidence of 
bloom or actual plate-out formation.  This is in line with the findings of the Newport 
DOE. However, runs 4, 7, 7A and 8 did show evidence of deposition with the lower 
compression ratio screw displaying greater deposition over a range of process 
conditions. This could be attributable to the lower shear condition in the screw. Runs 4 
and 7A showed clear evidence of plate-out on the screw tip after thirty minutes as 
shown in Figure 6.1. This is a recognised position for plate-out build up in extrusion 
being a melt decompression zone with a lower shear rate condition. 
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Figure 6.1 Plate-out at Screw Tip 
 
Here the common factors apart from drying condition are low screw rpm and high 
barrel temperature profile. The influence of material throughput rate for a given 
compression ratio is not evidenced as a factor. An unusual phenomenon was observed 
with the plate-out on the material at the screw tip. The samples were saved and stored in 
polyethylene bags at room temperature for some weeks with the intent to further 
analyse the surfaces. When revisited, the samples showed no visual signs of surface 
plate-out. As the samples had not been touched it can only be assumed that the deposit 
that had manifested itself at the end of the extrusion run had been re-absorbed into the 
Santoprene
TM
 TPV surface. This mechanism has not been observed and reported before. 
Run 7 un-dried showed again evidence of plate-out formation on the screw in the 
transition zone adding further support to the theory that plate-out initiation occurs in 
this complex solid pellet to melt transition where the melt viscosity has high variability. 
In this case the plate-out deposition was also clearly seen on the screw root and at the 
root: flight intersection. These deposit positions were also observed in the larger scale 
six hour runs (Chapter 5). 
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Table 6.2 Comparison of Process Conditions on Pensacola DOE Runs Showing 
Plate-out Initiation 
 
 
Table 6.2 compares the process conditions of those runs showing screw deposition. 
After pre-drying, the Pensacola product runs showed slightly different deposit 
characteristics suggesting drying had an influence. Runs 1, 4 and 7 showed some slight 
deposit in the transition zone and/or the screw tip; the other runs using the lower 
compression ratio screw displayed no visual trace of plate-out. The overall effect is a 
complete switch of observations between dried and un-dried runs when compared to the 
Newport results. This trend is also reflected in the results for the higher compression 
ratio screw where deposition was observed for the runs 1A and 4A conditions after 
drying but no visual deposition was recorded when extruded un-dried 
Run 7A dried, the higher compression ratio screw, had screw tip deposit but none was 
visible on the screw surface for run 7A un-dried. For the lower compression screw, run 
7, under the same process conditions deposit was observed both on the screw and at the 
tip. Only run 8 un-dried showed any deposit for both the dried and un-dried runs with 
both screw types. 
 
From Table 6.2 it can be seen that low screw speed is the strongest influencing factor 
on plate-out formation. Again there is evidence that plate-out initiation occurs further 
down the screw and that the mechanism continues through the metering zone to the 
screw tip where transportation to the metal surfaces becomes more apparent.  
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When comparing the total results of Newport and Pensacola sourced products it is noted 
that pre-drying of the material has more effect on Newport product; with the Pensacola 
material, screw residues are observed equally for both un-dried and pre-dried material. 
The overriding factor showing from the results is that a low shear condition appears to 
be the most favourable to plate-out formation in combination with residence time in the 
barrel (throughput rate). Based on these observations it can also be suggested that the 
pressure distribution along the barrel will change with screw compression ratio and die 
exit size; this pressure shift and its intensity should not be ignored. 
 
From the real time run sheets the values of melt temperature, pressure and torque at the 
start and finish of the run are presented in graphs, Figures 6.2 to 6.5 mainly comparing 
against the same run conditions both dried and un-dried for those runs showing screw 
deposits.  
 
From Figure 6.2, deposits span the range of high (run 7) and low (run 1) temperature. 
From this it is clear that melt temperature, in isolation, is not the root cause of 
deposition. The high barrel temperature for run 7 both dried and un-dried showed very 
similar melt profiles. For the lower barrel temperature (the remaining runs showing 
deposition) run 8 shows a similar end of run value but the start point is some 5 
°
C 
different with the run 8 dries (dried) being cooler. 
 
This is also the case for run 1 where the initial start up difference was 15 
°
C and run 2 
where the start up to finish temperature was also 5
 °
C. What is suggested is that the 
starting temperature may be key; in all cases the observed runs with deposit had a lower 
starting temperature than the equivalent run showing no deposition. The end of run 
temperature was very similar between the runs, the difference being only 1-2 
°
C. 
Although this is start up temperature difference is believed to be an artefact of the 
experimental set up, the change in condition at the start of processing may be 
significant for the deposition mechanism in combination with other factors. 
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Figure 6.2 Graphical Representation of Process Conditions for Newport Runs 2:1 
Compression Ratio Screw 
 
The results for process pressure (measured at the die head) showed run 1 dried deposit 
condition a reducing pressure over the 30 minute run time. In comparison, the process 
pressure for the same run in the un-dried condition (no deposition) remained constant. 
Comparing run 2 the pressure change was significant. Over the run period the pressure 
built up from 57 bar at the start to a end of run pressure of 125 bar (delta pressure 
change of 68 bar). The same run in the un-dried condition had a higher starting pressure 
(107 bar) increasing to 116 bar at the end of run, a delta pressure change of only 9 bar. 
Although the start up condition of the runs may have varied slightly, possibly the initial 
screw temperature being different the influence of pre-drying the material hence the 
material moisture content, cannot be discounted. As observed with the melt temperature 
run 7 dried which showed deposition had a comparable pressure profile to the same run 
un-dried which did not show deposition. For run 8 in the dried condition the pressure 
build up was distinctly different to the un-dried condition but again the pressure at the 
end of the runs was similar. What is clear is the variation in start up temperature and 
hence melt pressure could play a significant role in plate-out initiation. 
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The torque plots show that for all the runs, when dried, displayed a higher screw torque 
than if left un-dried. This is suggestive of increased residual moisture content having a 
plasticising effect on the melt. The largest difference in torque was seen in runs 2 and 8 
both dried and un-dried following the trend seen for the other process parameters. 
 
For the higher compression screw (4:1), the melt temperature plot, Figure 6.3, shows 
similar characteristics to the lower compression screw.  Most noticeable from the 
results is the start to final melt temperature difference particularly in runs 7 and 8. 
Again this is most likely an artefact related to start up barrel and/or screw temperature 
variation, at the completion of the 30 minute run all sample melt temperatures were 
within 5 
°
C of each other. 
 
The pressure change over the 30 minute extrusion runs followed a similar pattern to the 
lower compression ratio screw. Run 2 had the highest pressure both at start up and at 
the end of the run, this falls in line with the set up condition of low barrel temperature, 
high screw speed and small die orifice. However, contrary to the other runs in this case 
the head pressure is seen to fall away over the run period for both the dried and un-dried 
condition. This is also contrary to the pressure condition for the same run using the 
lower compression screw. It would suggest that under the shear conditions for this run 
the extrusion stabilisation condition was met much earlier than with the other runs. Run 
1 pressure in the dried condition is seen to rise over the extrusion period but again the 
un-dried extrusion run remained fairly constant. This again suggests that moisture may 
be having a plasticising effect on the melt.  
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Figure 6.3 Graphical Representation of Process Conditions for Newport Runs 4:1 
Compression Ratio Screw 
 
No screen packs or breaker plate were used in the design of experiments so build up on 
screen packs is not the cause of the pressure changes seen. Apart from the obvious 
pressure effects of the die size and process conditions it would appear that melt 
temperature is the key factor. Both runs 7 and 8 in the dried condition had start up 
pressures considerably lower than the other runs. For run 7 the final pressure at the run 
end remained the same for both dried and un-dried but in the case of run 8 the pressure 
difference recorded (+20 bar) between dried and non dried material is the most 
significant of the runs conducted. Pressure and torque levels also reflect the use of 
higher and lower process temperatures used in each run. 
 
The influence of barrel set temperature on melt temperature is very clearly seen in the 
runs using the lower compression ratio screw. The graph, Figure 6.3, shows distinct 
banding for barrel temperature, although the start up variation is wide (8 
°
C). The final 
temperatures for runs 3, 4 and 7 in both drying conditions was within 2 – 3 °C showing 
good consistency particularly for the higher barrel profile. In the case of run 1, the un-
dried material showed a distinctly different finish temperature (- 5
 °
C) to that of the 
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dried, with the dried (which showed deposit) being the higher of the two. This again 
adds credence to the theory that residual moisture is contributing to a lower melt 
viscosity and hence lower shear history by virtue of plasticisation of the melt.  
 
For the Pensacola runs, Figures 6.4 and 6.5, the influence of screw compression ratio on 
melt temperature profile follows the same trend as observed for the Newport product. 
The lower compression ratio screw (lower shear condition) has two distinct bandings of 
melt temperature reflective of the barrel temperature set condition. This is less defined 
for the higher compression ratio screw, Figure 6.5, where the temperature banding is 
less well defined. 
 
It is also noted that the temperature at start up and the end of run has a tendency to be 
higher for the higher compression ratio screw again in agreement with the higher shear 
heating for a given set of process conditions. There is an anomaly apparent where the 
melt temperature behaviour of run 1A un-dried, Figure 6.5 does not follow the 
increasing temperature trend seen in the other runs. Here the increase is only 2-3
 °
C 
whilst the other runs show a varying temperature increase between 10 – 20 °C. Even 
allowing for start up variation this result is atypical and no explanation can be given. 
 
From the pressure plots Run 1A un-dried is seen to have generally higher melt pressures 
with both screw types. This run also shows less pressure change between start up and 
run completion compared to the other runs apart from run 3. It however is reflective of 
the lower melt temperature observed. End of run pressures for both screw types is seen 
to be comparable and the influence of drying is not significant. 
 
For the lower compression screw the torque generally follows the melt temperature 
plots, the higher the temperature the lower the screw torque, this is as expected. 
However, run 3 had a higher melt temperature but also shows a higher torque level. 
This could be attributable to the higher screw speed, temperature and drying in 
combination with the smaller die orifice.  
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Figure 6.4 Graphical Representation of the Process Conditions for Pensacola Runs, 
2:1 Compression Ratio Screw 
 
 
 
Figure 6.5 Graphical Representation of Process Conditions for Pensacola Runs, 4:1 
Compression Ratio Screw 
262 
 
6.1.2 DOE Analysis  
Based on the visual observations the manual DOE was introduced into Design Expert 7 
software with the assistance of Loughborough University School of Mathematics to 
assess whether modelling of all the results concurred with the visual observations. A 
reduced quadratic response surface analysis was selected based on the historical data. 
The results for analysis specific to the plate-out response shown in Figures 4.13 to 4.20 
do show a modelled propensity for plate-out under certain experimental conditions. The 
results also show some response differences to set process conditions between 
Pensacola and Newport manufactured product. 
 
When using the lower barrel set temperature in combination with un-dried material the 
results in Figures 4.13 and 4.14 show that neither material sources have any significant 
propensity to form plate-out, this is independent of compression ratio screw selected, 
die size or the material throughput rate. The model does however show that the 
Pensacola sourced material appears slightly more sensitive to the process conditions as 
evidenced by the colour change (blue/ green) at the higher screw rpm and smaller die 
size. 
 
There is a clear change in response for both materials in the un-dried condition when 
the process condition is switched to the higher barrel set condition. For the low 
compression ratio screw there is now a tendency towards plate-out in both materials 
again with the Pensacola product showing the greater propensity, Figure 4.15.  The 
situation becomes even more differentiated when the same process conditions were 
employed with the higher compression ratio screw, Figure 4.16.  Here the difference in 
response to the process conditions are seen, the Newport product becoming more 
susceptible to plate-out ( blue / green) at lower throughput  and with the larger die. For 
the Pensacola material the modelled prediction is in the same direction but now the 
generation of plate-out is probable. This suggests the combined influence of pressure 
profile change and higher shear rate and residence time are strong factors in plate-out 
formation. Pre-drying of the materials appears not to be a defining factor in plate-out.   
 
For materials pre-dried at 80 
o
C for a minimum of 3hours up to over night the result is 
somewhat surprising. It has always been accepted that the presence of moisture will 
make the plate-out condition worse
(96)
; however the modelled results do not reflect this. 
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For the low compression screw (2:1) with the lower barrel set condition both material 
sources show a strong tendency to plate-out. Based on the intensity of the colour change 
on the contour plots, Figure 4.17, the Pensacola would appear to be slightly more 
susceptible. The model predicted that under these conditions plate-out would occur at 
high screw rpm with small die exit orifice. This is seen to be completely different to the 
response of the un-dried runs, Figure 4.13. The runs using the higher compression 
screw (4:1) at lower barrel temperatures, Figure 4.18 again shows a shift towards a 
plate-out condition with the Pensacola product more likely to plate-out than the 
Newport material. Drying under these conditions shows a modelled switch from a no 
plate-out (Figure 4.14) to a higher probability. In the case of  the runs using a higher 
barrel temperature for both compression ratio screws, Figures 4.19 and 4.20, the 
modelled prediction is that the likelihood of plate-out is reduced ( compared to the same 
conditions un –dried, Figures 4.15 and 4.16). Most significant is the change predicted 
for the Pensacola material where the change is from a plate-out condition un-dried to a 
non plate-out condition in the dried state for the higher compression ratio screw. This 
would follow the accepted trend of pre-drying prior to processing to reduce inorganic 
deposition. 
Based on the results of the analysis there is no conclusive evidence that pre-drying 
actually reduces the level or prediction of plate-out. It might be considered that the 
manufactured pellets have a polypropylene rich layer at the pellet surface which is 
hydrophobic and this in combination with the manufacturing drying process prior to bag 
off (bags are foil lined) reduces surface moisture to an acceptable level for subsequent 
processing. What is not addressed is the influence of internally bound moisture which 
would not be removed by the conventional drying processes. The influence of the 
moisture content of the highly hygroscopic stannous chloride used in the cure could be 
a strong factor in this. 
 
Comparing the modelled prediction to the visual assessment conducted during the 
experimental runs it can be concluded that model prediction generally follows the 
experimental observations. No single combination of process conditions were identified 
as the „ideal‟ environment for plate-out formation. The situation is far more complex. 
The primary influencers of plate-out as a function of the process set condition appears 
to be a combination of pressure profile, residence time in the barrel and shear rate.  Pre-
drying has less of an influence and this result was unexpected.  
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The study discussed in Chapter 4 focussed on trying to understand the factors that could 
influence the generation of plate-out on the extruder screw. The practical difficulties of 
accessing the barrel surface for examination and sampling excluded this aspect in the 
overall study but it was accepted that this could have further extended the 
understanding of the mechanism of plate-out. The die condition was also left out as the 
purpose of the study was focussed predominantly on the initiation point of plate-out 
formation and its causes within the barrel, not the well documented
(93-102)
, plate-out 
deposition positions in decompression areas of processing equipment. A DOE approach 
was taken to assess what were believed to be the principal factors that influence plate-
out formation in respect of both process set conditions, screw compression ratio and die 
size. Products sourced from two manufacturing sites were compared, whilst the 
formulations remained the same the raw materials sourced are different. The resulting 
experimental runs were subjected to various analytical techniques to identify the 
movement, if any, of the inorganic components of the product. The results discussed in 
Chapter 4 for the work have shown that whilst the influence of the processing and 
extrusion is significant the situation is complex and no single solution to the generation 
of plate-out was identified. However, based on visual assessment of the experimental 
runs in combination with run analysis by experimental design analysis software it was 
seen that certain arrangements of process conditions and extrusion hardware gave a 
higher propensity for plate-out generation on the screw dependent on the dried state of 
the material, chapter 4, 4. 5.2. The results indicate the principal drivers for plate-out are 
the residence time, temperature and pressure associated with a particular extrusion 
arrangement. Generally lower process temperatures in combination with longer 
residence times and a higher compression ratio screw causes the highest propensity for 
the material to plate-out. Pre-drying of the material was seen not to prevent plate-out 
formation and is discussed further in 6.2.2 and 6.2.3 
 
6.1.3 Optical Microscopy Study of Extruded Profile 
Analysis of the results required careful consideration of the surface roughness of the 
prepared specimens and the effects of the cutting technique on the sample surface. The 
ability to focus the microscope over the whole sample area, in some instances was not 
ideal. Cryogenic preparation of samples was not available at the time of the study. To 
some extent it was difficult to discriminate between surface dust particles and particles 
contained within the melt, it was believed further analysis by SEM would confirm this.  
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There is general evidence of a boundary layer within the melt adjacent to the barrel wall 
with a suggestion of a similar effect but much slighter at the screw surface. These imply 
a cooling effect and / or melt flow velocity reduction in this area due to frictional 
effects. The reduction in boundary layer at the screw is most likely to be due to the 
thermal insulation of the melt and the higher shear rate during screw rotation. 
Some of the samples examined also show surface disruption throughout the section. 
This is seen as black areas illustrated clearly in Figures 4.22 - 4.25. They could be 
related to voids within the melt or the result of material being plucked from the surface 
during the sectioning procedure.    
 
Because samples were not clearly identified in regard to extruder flow direction it is not 
possible to comment on particulate concentration in relation to primary extrusion 
direction. However other work (Chapter 5) does indicate build up predominates on the 
leeward side (lower flow velocity and shear). 
 
For the Newport DOE runs the following observations were made; 
Run 1A, 4:1 CR Screw. Position 2, Figure A38, appendix 17. Here is no evidence of 
movement of inorganic particles to the middle area of the screw channel. The transition 
point of the screw root to flight does suggest a higher proportion of inorganic material 
(„white‟ particles in the optical photographs) that reduces in concentration towards the 
centre of the melt channel. This suggests some mechanism is operating to concentrate 
and deposit particularly, the bigger / heavier particles. 
 
Run 1A, 4:1 CR Screw. Position 3, Figure 4.22. This zone displays improved melt 
homogeneity compared to position 2 which is to be expected as the melt is now within 
the metering zone of the screw. It is also observed that there is now less disruption of 
the melt at the metal surfaces and the boundary layer to the barrel wall is still in 
evidence. There is little evidence of particulate migration in this area. 
 
Run 1A, 4:1 CR Screw. Position 4, Figure A40, appendix 18. In this region large 
particles are visible at the screw root: flight interface, Figure A40 Top. The bottom 
section is too disrupted to be able to draw any conclusions on particle movement. The 
boundary layer against the barrel wall is now less distinct. 
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Run 1A, 4:1 CR Screw. Position 5, Figure 4.23. This section shows a very clear 
horizontal striation or rib effect (Figure 4.23) which could be attributed to the 
sectioning technique but is not seen in previous sections produced in the same way. 
Examining the frequency of the ribs it is noted that the rib interval does appear to 
change as the intersection with the flight is approached.  In Figure 4.23 Top, the 
direction of the rib is reversed at the point the flight meets the barrel wall. Figure 4.23 
Bottom also shows a reduction in rib frequency approaching the flight. If the sectioning 
technique had caused these changes in rib frequency are not easily explained. Is this 
effect caused by melt compression prior to entering the die channel, or caused during 
the screw extraction process?  The particulate content in the melt: barrel wall boundary 
does appear higher and more evenly distributed. 
 
Run 2A, 4:1 CR Screw. Position 2, Figure A42, appendix 19. In this instance there is an 
observable increase in large particulates in the screw flight region with the central 
section of the melt being more evenly dispersed. Again the evidence of ribbing is seen. 
 
Run 2A, 4:1 CR Screw. Position 3, Figure 4.24. The boundary layer to the barrel wall is 
in evidence but the transition inwards is much less defined, particularly in the middle 
section. The striations (ribs) previously seen are again present and follow a similar 
trend. It is still unclear if this is a real phenomenon. Particulate concentration is evident 
although not clearly defined. 
 
Run 2A, 4:1 CR Screw. Position 4, Figure 4.25. The striation patterning becomes more 
baffling. In Figure 4.25 Top, a possible eddy flow is observed in the photo labelled 
„Top‟ which is not observed elsewhere in the section. Could the process set conditions 
be influencing this effect? The melt appears homogeneous and without significant 
evidence of particle migration. 
 
Run 2A, 4:1 CR Screw. Position 5, Figure A45, appendix A20. No evidence of particle 
migration. 
 
Run 7A, 4:1 CR Screw. Position 2, Figure A46, appendix 21. The boundary layer is less 
distinct compared to other samples. There is no visible evidence of particle migration to 
the metal surfaces in the central section. If the „black‟ areas are indeed the result of 
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particles being ripped from the surface during sectioning then Figure A46, the barrel 
middle section outside edge could show evidence of particulate concentration. 
Run 7A, 4:1 CR Screw. Position 3, Figure 4.26. There is little evidence of particle 
migration to the screw root which is consistent with the previous observations in runs 
1A and 2A. It shows migration to the barrel wall at both flight ends with little seen in 
the central section of the channel. 
 
Run 7A, 4:1 CR Screw. Position 4, Figure A48, appendix 22. This sample was too 
disrupted to analyse. In this section were significant black areas at a diagonal to the 
barrel wall. The cause of this is unknown but may be related to tearing of this thin area 
of the melt during the extraction procedure. This effect is not seen elsewhere in any of 
the samples examined. 
 
Run 7A, 4:1 CR Screw. Position 5, Figures 4.27. Some of the section was too damaged 
to evaluate. However Figure 4.27, outside edge to barrel wall, shows a concentration of 
inorganic particles not seen elsewhere in the section. The previously observed boundary 
layer is not apparent at this point. 
 
Run 8A, 4:1 CR Screw. Position 2, Figure 4.28. This sample was not gold coated and so 
the inorganic particles appear more pronounced in the photographs. The distribution of 
particulate matter is very clear. Figure 4.28 shows that the concentration of particles is 
greater towards the outside surfaces of the section. Interestingly, the dispersion is more 
general in the middle section compared to the flight areas. The barrel: melt interface 
(boundary layer) contains the greater amount of particulates. The larger sized particles 
are predominately positioned towards the outside surfaces. The striation patterning is 
also visible in this non gold coated sample. 
 
Run 8A, 4:1 CR Screw. Position 3, Figure 4.29. This sample is the clearest example of 
particle migration of those examined. Figure 4.29 shows that inorganic material has 
begun migrating to layers adjacent to both the screw surface and barrel wall. However, 
there are still particles dispersed throughout the section with the highest concentration 
in the central section of the flow channel. There is a suggestion that the particles are 
also becoming aligned parallel to the metal surfaces but leaving a thin layer of polymer 
in contact with the metal. The proportion of particulates is again higher at the barrel 
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surface than at the screw.  Looking at Figure 4.30, bottom section outside edge barrel, it 
can clearly be seen that the particles have concentrated at the intersection. This, along 
with the previous observations, suggests that plate-out deposition onset is most likely in 
this area. 
 
Run 8A, 4:1 CR Screw. Position 4, Figure 4.30. This region of the screw shows that the 
particles are aligned with the metal surfaces and the barrel wall having the greatest 
concentration, Figure 4.30, middle. There are still concentrations at the flight 
intersections of larger particles, Figure 4.30, top outside edge barrel. Interestingly, the 
particle distribution has visibly changed; Figure 4.30, there is very little evidence of 
particles present in the central portion of the melt. 
 
Run 8A, 4:1 CR Screw. Position 5, Figure 4.31 shows that the particle distribution had 
become random once more. There is the suggestion that the concentration is slightly 
higher at the flight zone as evidenced in Figure 4.31, top outside edge barrel but the 
difference is not as pronounced. 
 
From the results it would appear that run 2A gave generally the lowest observable 
particle migration whereas run 8A gave the clearest indication. All these samples were 
run on the higher compression 4: 1 GP screw, Table 4.1 and 4.2. 
 
From the processing sheet the only difference between run 2A and 8A was the die size 
with the higher plate-out possibility being related to the bigger die. The influence of 
higher process temperature (Run 7A) on particle migration is not conclusive but there 
are indications that the boundary layer is reduced and so this may indicate the shear and 
temperature at the barrel wall remained high enough  even at lower screw  rpm to 
ensure particles remain more mobile in the melt. 
 
In the case of the Pensacola manufactured material the observations made from the 
optical analysis were; 
Run 1A, 4:1 CR Screw, dried, Position 2, Figures 4.32 and 4.33. The observed 
striations are believed to be artefacts of the sectioning technique and can be 
disregarded. The sections both across the flow direction, Figure 4.32 and parallel to 
flow, Figure 4.33 did not show any particle migration to the outer metal surfaces. 
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For Run 1A, 4:1 CR Screw, dried, Position 3, Figures 4.34 and Run 1 dried, position 2, 
2:1 screw, Figure 4.35, the most significant observation from the optical micrographs is 
the striations or layering seen in the „bottom‟ area of the section. In this case it is not 
believed to be related to the sectioning cut as neither the central or upper areas show 
this effect. The layering ranges from almost horizontal lines to a more progressive 
concave form towards the flight area. It is unclear whether this is a real effect of melt 
separation as a result of changes in flow velocity as the section thickness reduces to the 
screw root. It should also be borne in mind that at this position cross channel flow is 
possibly at its most significant in terms of melt elongation and changes in flow velocity 
with the increase in metal to melt drag. This will be discussed further in chapter 6. All 
show even particle distribution. 
 
In the case of Run 1 in the dried condition, Figure 4.36 there is evidence of particulate 
migration towards both metal surfaces, the central portion of the section taken parallel 
to flow appears dissimilar in appearance. Observations for the screw sections from the 
transition zone, Figures 4.37 to 4.38 again show evidence of a striated patterning in the 
cross the flow direction but this is not seen in the section taken parallel to the flow 
direction. This could be the result of melt elongation as a function of the across channel 
melt flow and changes in melt velocity. There is also observable particulate migration 
towards the barrel surface. 
 
Figure 4.39, run 4A un-dried in the screw metering zone across the channel direction 
shows striation patterning in combination with clear movement of particles to both 
metal surfaces. The striations in this case because of their general orientation could be 
an artefact of the sectioning technique. Further back in the metering zone, Figure 4.40, a 
higher concentration of inorganic material was observed particularly along the screw 
surface towards the channel ends where the flight intersects. This observation extends 
further back down the screw length to the transition/ metering zone 4, Figure 4.41. The 
suggestion is that the migration starts in the transition and transition / metering zones 
and is carried forward with minimum re-distribution into the melt stream. Again this is 
most likely attributable to the melt layering effect as a function of the melt velocity 
profile arising from frictional effects from the metal surfaces. Figure 4.42 shows the 
surface condition of the melt at the screw tip, the cause of the surface irregularities seen 
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was unclear although this had showed plate-out on the surface immediately after the run 
as illustrated in Figure 116. 
 
For run 4A in the dried condition there was evidence of particulate migration to the 
surfaces but the extent was less than that seen in the equivalent run in the un-dried state.  
 
Particulate migration observed in run 7 for the un-dried condition in the metering zone 
sections from both melt directions, Figures 4.44 and 4.45 showed particle migration to 
the metal surfaces with a suggestion that the screw surface concentration being higher. 
The particulate distribution in the metering position 3 was less biased towards the outer 
surfaces and here striations were observed in the across channel flow direction and in 
line with the previous examples described, at only one flight end. It is unclear whether 
this is the rear (back flight) flight in the melt channel which provides the melt push 
through the channel and this could be pressure effects causing rippling of the laminated 
melt flow or melt compression against the leeward flight. 
 
Figures 4.47 and 4.48 the lower metering zone of run 7A in the dried condition also 
show evidence of particulate movement towards the metal surfaces but is less defined 
apart from the cross channel section, Figure 4.47 where there appears to be a more 
general concentration of particulates in the region of the flight. 
 
Optical microscopy in combination with scanning electron microscopy did show 
inorganic particulate migration towards both barrel and screw surfaces in agreement 
with previous literature
(93-102)
. The particles in many cases were seen to sit in a distinct 
thin boundary layer adjacent to the metal predominantly in the metering zone region of 
the screw and possessing a dissimilar morphology to the main body of the melt. The 
layers present on both screw and barrel surfaces suggested that this is not an artefact of 
the screw extraction process but related to changes in melt velocity and melt elongation 
in these areas, possibly caused by the thermophoresis effects proposed by Parey
(95)
. The 
EDS and FTIR analysis confirmed that also present with the inorganic materials at the 
melt to metal interface were zinc chloride (the result of reaction between free stannous 
chloride and zinc oxide) and residual novolak resin-in-oil. The influence of this on 
plate-out formation is discussed in section 6.6. 
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6.1.4 SEM / EDS Analysis of Profile 
Any indications of fibrils observed in the micrographs were ignored deemed to be an 
artefact of the sample assembly process as described in section 4.3. 
 
In the case of Newport run 1A the tip section, Figure 4.51, a section was cut to allow 
analysis of various areas of the melt surface. Although this run did not show visible 
evidence of plate-out in this region a study was considered useful to establish the nature 
of the surface. Figures 4.52 to 4.55 give the EDS spectral analysis results for each of the 
randomly selected areas of the sample. There is evidence of a disrupted morphology 
across the sampled areas, in the bottom left of micrograph 1a one can see a particle that 
could be either a clay fragment or from its fractured nature potentially a fragment of 
plate-out consisting essentially of organic mineral oil with novolak resin. Clearly the 
EDS spectra showed the presence of clay filler (Al2Si2O5(OH)4, predominately Al, Si 
and O as the (OH4)
 
is removed by dehydroxylation at 900 
°
C) but also the expected 
carbon and traces of oxygen. There is no peak for zinc oxide (ZnO) so more likely the 
oxygen originates from the calcined clay. The remaining micrographs, Figures 4.53 to 
4.55 show the same elements are present. The only firm conclusion is that clay filler is 
present at the melt surface at the tip.  
 
The micrographs for run 1A in the forward metering region, position 2 in the across the 
flow direction do show very clearly some form of boundary layer adjacent to both the 
barrel and screw surfaces (Figures 4.56, 4.57). The melt morphology in the boundary 
layer is much more disrupted and appears to contain more particulates than the main 
body of the melt and this was also observed in other samples from both Newport and 
Pensacola manufacture. The root cause of this boundary layer is believed to be a real 
effect caused by viscosity transitions (melt cooling at the metal surface) in combination 
with screw shear and not an artefact of the screw removal technique. It appears to occur 
predominately in the metering region where the shear is highest. The only way to prove 
the cause would be an extruder arrangement that utilized a hinged barrel which was not 
available.  
 
 A second EDS study was conducted comparing the element mapping of the screw 
flight region of run 1A metering zone comparing it to a similar map of the section taken 
parallel to the flow direction. Comparing both SEM micrographs, Figures 4.58 and 4.60 
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it can immediately be seen that the surfaces to the barrel and screw are distinctly 
different to the main body of the melt. Again suggestions of a boundary layer are 
present with a higher concentration of particulate matter. The element maps are very 
interesting as in both cases they show a concentration of oxygen (O) at the surface, a 
higher concentration at the barrel surface but no indications of zinc (Zn). It was 
concluded that this was not zinc oxide but the presence of calcined clay (aluminium 
silicate Al2SiO5). What is unclear is the reason for the presence of chlorine but no 
evidence of tin (Sn). It can be concluded that the chlorine had disassociated from the tin 
chloride (SnCl2) and had migrated to the outer layers of the melt due to its highly polar 
nature being attracted to the metal but the mapping does not show clearly to what it had 
recombined with. The basic question posed was is it possible to form hydrochloric acid 
by reaction of hydroxyl groups or water present under  the pressure and temperature 
conditions of the manufacturing and /or subsequent extrusion processes or something 
else. 
 
The EDS element analysis threw some light into the matter. For both samples, Figures 
4.59 and 4.61, all the expected elements present are associated with plate-out. This in 
combination with the mapping of element position and concentration strongly suggests 
the possibility for the formation of plate-out at both metal surfaces. The spectra show 
the presence of zinc which was not picked up by the mapping (possibly masked) but 
gives a more likely scenario that the chlorine had recombined with the zinc to form zinc 
chloride (ZnCl2) a weak Lewis acid, not strong hydrochloric acid. Mapping the central 
section of the across channel flow direction, Figure 4.63 did not show any significant 
plate-out constituents but consisted basically of clay filler. It should be noted that 
Santoprene
TM
 TPV is known to be slightly acidic in nature. 
 
In run 7a in the dried condition a feature observed of significance in the metering 
section was clay like fragments that unlike those previously seen, were more sharp and 
angular in shape, Figures 4.64, 4.65 and 4.67. These compared favourably to the type of 
plate-out formation seen from the Newport study (Chapter 5.6). Also in evidence was a 
boundary layer present on both screw and barrel side. Whilst mechanical disruption at 
the barrel surface was a possibly due to screw extraction it is not unreasonable to 
assume that the screw surface would remain untouched during the procedure (Figure 
4.68). It can therefore be suggested that this is a real effect. Another unexplained 
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phenomenon is seen in Figures, 4.69 and 4.70 in the transition and transition / metering 
position where the melt surface has been seen to split from the main body of the melt. 
Given that the material was allowed to cool to room temperature before handling it is 
believed unlikely that this was a removal issue but could have happened if the boundary 
layer produced had an inherent plane of weakness.  
 
A similar study was conducted on the Pensacola sourced product to assess if there were 
any observable differences in melt characteristics.  
 
In Run 1A in the dried condition in the metering zone position2 striations were again 
observed. These striations, Figure 4.71 have a natural concentric curvature about them 
which is unlikely to be a sectioning artefact. As well as this there is a change in surface 
condition again suggestive of a boundary layer. A further point of interest that suggests 
that the striation effect is real is that the particulates do tend to align with the striations. 
Figures 4.72 to 4.75 show the results of an EDS elemental analysis of particles 
comparing the barrel and screw surfaces in the metering zone. These results show that 
the particles were not clay but a combination of plate-out constituents (the calcium, Ca 
recorded is not explainable unless it occurs in the calcined clay). There were small 
fragments of plate-out material in the melt which had been formed at an earlier stage. 
 
The across the flow sample Figure 4.76 had a generally rougher surface than seen 
previously but no other significant features apart from a general increase in particulates 
towards the barrel surface. The micrographs of position 3 parallel to flow Figure 4.77 
again show a boundary layer at the screw surface and an increase in particulates. There 
is a slight increase at the barrel surface but this is less well defined. 
 
Run 1A position 4, Figure 4.78 showed several features in the section across the flow. 
This is the position where the material should have almost completely converted to the 
melt state. In this example there is evidence of layering of the melt (striations), 
boundary layers at screw and barrel surfaces, changes in melt morphology, increasing 
particulate concentrations at the edges and possible plate-out fragments. The situation in 
the flow direction shows less evidence of a boundary layer in this direction but the 
morphology looks more fragmented by comparison to the across the flow equivalent. 
Again the particulates are seen to migrate to the barrel surface, Figure 4.79. Large 
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particulates are also seen which appear to be larger than expected for clay particles so 
there is the possibility this is plate-out. 
 
Figure 4.80, run 4A dried transition zone shows what appears to be a boundary layer 
towards the screw surface with the layer having an increased granular morphology 
compared to the remainder of the section. This is also observed in the micrographs of 
the barrel side. The coarser morphology might be expected in this region as the melt 
state is a mixture of un-melted, partially melted and fully melted material. There are 
indications of particulate migration towards the metal surfaces. 
 
The tip section of Run 4A at the end of run had actual plate-out deposit which as 
described previously, over a period of time appeared to migrate back into the material 
surface. The visual appearance of the tip surface was that of normal Santoprene
TM
 TPV 
material; however under the SEM magnification the surface was seen to have a 
disrupted smooth layer which contained areas of lighter coloured streaks and 
agglomerations with some particulates, Figure 4.81. 
 
As this streaking and particulates were believed to be evidence of the previously seen 
plate-out an EDS analysis was conducted focusing on the particles observed in the 
surface, Figure 4.82. The EDS results show for the first time in any spectral analysis the 
presence of tin (Sn) and chlorine (Cl), stannous chloride in combination with clay. This 
confirms that stannous chloride is not fully consumed in the reaction process during 
product manufacture and suggests that its inclusion is in excess to the stoichiometric 
requirement of the resin cure cross linking reaction. The particle also contains clay so it 
is confirmed that plate-out is present. What is not clear is whether the particle is an 
aggregate of individual materials or a combination of these and/or reaction products. If 
the free tin chloride had reacted with the zinc oxide under the extrusion conditions it 
would explain the presence of zinc and chlorine (as the Lewis acid, zinc chloride, 
ZnCl2) and absence of tin in the SEM mapping and spectra. It would also give a 
suggested mechanism curing any free novolak resin by a Lewis acid possibly through 
the hydroxyl groups of the phenolic resin and could explain why there can be two types 
of plate-out; a smooth „film like‟, seen on the screw in the metering and barrier mixing 
zones unlike the more „powder – like‟ plate-out deposit as seen on the screw in various 
positions and on the screw tip as discussed in Chapter 5. 
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Particulate migration was observed in the metering zone towards the barrel surface and 
screw surface in the flight region of run 4A in the dried condition, Figure 4.83. Under 
these process conditions the melt morphology appeared more homogenised but again 
there was the suggestion of a boundary layer. This was unexpected given the 
confirmation of plate-out in this run. 
 
An EDS analysis was conducted on what was first thought to be a clay particle, Figure 
4.84 because of its rounded platelet form. This was found not to be the case as the 
analysis demonstrated that the particle was plate-out, Figure 4.85. This posed the 
question as to whether the previously identified clay particles were indeed clay; the 
plate-out that had been identified up to this point all displayed a platelet form but with 
well defined angular edges and could be fairly easily recognised. This suggests plate-
out could be more prevalent than previously thought especially as this particle was seen 
in the transition zone where it might be expected to be less rounded in shape. 
 
For run 7A the tip which had initially shown plate-out the surface which then 
disappeared when analysed (Figure 4.86) did show high concentrations of particulates 
at the melt surface confirming the plate-out deposition in this region. This run did show 
all the characteristics discussed previously in this section. Figure 4.87 in the metering 
zone showed evidence of boundary layer formation, melt striations and increased 
concentrations of particulates at the flight surface. Figure 4.88, position 3, lower 
metering zone region, also had a thin boundary layer and particle migration 
predominately to the barrel surface. Similar observations can be made for the melt 
condition in the transition zone, Figure 4.89. 
 
Figures 4.90 to 4.92 are the results for run 7 in the un-dried condition and was the only 
run with the low compression screw that had features to comment on. Here the main 
observation for the metering zone (Figure 4.90) was the formation of a disrupted layer 
adjacent to the screw surface containing a higher level of particulates and also on Figure 
4.91 at the barrel surface. EDS analysis of the barrel edge was conducted on two 
particles, see Figure 4.91 that appear black compared to the surrounding sample. It was 
first thought that this may be surface contamination but the spectra confirm the 
presence of inorganic elements, both clay and plate-out constituents but also strong 
peaks for calcium (Ca) and to a lesser extent magnesium (Mg) and also potassium (K). 
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No explanation can be made as to why these elements should be present. Like in other 
micrographs, the features observed in Figure 4.92, the change position from the 
transition to the metering zone, where a disrupted boundary region to the screw and to a 
lesser extent the barrel. 
 
Figures 4.93 to 4.101 show the SEM and EDS results for the various screw positions for 
run 1 in the dried condition using the low compression screw.  In the metering zone, 
Figure 4.93 an element map was produced to analyse the high density of particulates 
towards the screw surface in the section. The resultant element map showed that the 
section consisted of polymer and clay particles although the maps themselves were not 
definitive in showing the actual particle geometry. The micrograph taken of position 3 
lower metering zone, Figure 4.94, does show a clear uneven boundary layer towards the 
barrel surface that appears to have a similar morphology to the remaining section and as 
such it is not believed to be an artefact of the screw pulling. During the evaluation of 
the samples taken from position 4, the transition metering zone intersect, larger than 
expected platelets were seen, Figure 4.95. These were presumed to be plate-out 
fragments due to their size and shape. An EDS map of the sample was produced Figure 
4.95, but surprisingly the element map only showed clay filler. It was decided to cross 
check the result to see if plate-out constituents were present elsewhere in the section, 
Figure 4.96. The spectra had peaks for the clay as expected but also zinc (under advice 
from the spectroscopist the peak position for sodium (Na) and zinc are very similar and 
after checking confirmed that the most likely element was zinc) and strong chlorine 
peaks confirming plate-out constituents. The EDS spectra, Figures 4.97-98, in the 
transition to the metering zone did give some clear evidence of the presence of zinc 
chloride and what is most interesting was the platelet form. This further reinforces the 
theory that zinc chloride is the early stage of plate-out formation and the fragmented 
particles are the result of a film layer against a metal surface that is subsequently 
removed by the action of the pellets and / or melt moving forward and then broken up. 
This could have happened during the product manufacture or during the extrusion 
process. The formation of the film could be aided by any bound in moisture on 
additives carried into the extruder, solubilising this very hydrophilic solid and 
transporting this incompatible blend (to the polymers) to the metal surfaces where 
eventually the water is driven off leaving a crystalline solid behind.  
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Figures 4.99(a, b) shows the particulates aggregating in the flight area towards the 
screw surface. The resulting spectra were inconclusive possibly because of the masking 
effect of a heavy gold layer but here still there were indications that the particles 
examined were clay. 
 
Figures 4.100 and 4.101 give the results of the analysis of the transition zone both at the 
barrel and screw surface. In each case three separate particles were examined. For the 
analysis of the screw side, Figure 4.100, all the spectra indicate the presence of  zinc 
and chlorine to a greater or lesser extent, the strong potassium peak in spectrum 2 
remains unexplained. 
 
6.1.5 FTIR Analysis of Screw Surface Residues 
The very nature of the extremely small quantities of residues present at the end of some 
of the runs did cause some initial concern regarding the capability of the FTIR 
technique employed to actually produce a result. However, the results show that the 
technique of acetone washing the cotton wool swab, flashing off the solvent and 
grinding potassium bromide (KBr) powder in the vessel did show results for each run 
analysed. 
 
Each resulting spectrum of the samples examined was compared to the benchmark 
Santoprene
TM
 TPV material and to raw materials that could be expected to be present at 
undisclosed levels in the product formulation, Figures A183 to A189 in appendices 92 
to 95. 
 
Analysing the Newport manufactured materials, run 1A dried, Figure 4.104 and 4.105, 
taken from the metering zone of the screw showed two basic features that are also 
observed on some of the other samples to a greater or lesser extent. The first is the 
peaks at the following wavenumbers; 1383, 1460, 1710, 2850 and 2918 cm
-1
. These can 
be attributed to the cotton wool swab control, possibly the binder used to hold the wool 
to the plastic support. The intensity of the peaks was most probably related to variance 
in the soak time in the acetone. For this reason these peaks were ignored in the 
remaining sample analyses. The peaks in the region of wavenumber 2349 cm
-1
 are 
related to the presence of atmospheric carbon dioxide and were also ignored in the 
remaining spectra. The peak at 1710 cm
-1
 is a carbonyl group (C=O) could not be 
278 
 
assigned to any raw material and so was believed this was also an artefact of the control 
swabs adhesive. 
 
The remaining peak at wavenumber 1224.94 cm
-1
 is a key feature, based on the 
evaluation of the control spectra, this peak is unique to the novolak resin (Figure 6.6) 
used in the cure system of the TPV. Other related peak positions could have been 
masked by other raw materials. It confirms the migration of residual resin not taken up 
during the EPDM vulcanisation to the metal screw surface. 
 
 
Figure 6.6 Novolak Resin based on Phenol
(103)
 
(Film on NaCl Plate from Acetone Solution) 
 
The analysis of Run 7 dried, 2:1 screw Figure 4.105, gave a more complex spectrum 
and after isolation of the controls the range of remaining peaks at wavenumbers, 1120 
to 1462 cm
-1
 were identified as the presence of mineral oil and inorganic material. In 
this case there was no evidence of novolak resin. There was a suggestion that a small 
level of moisture may have been present indicated by the broad peaks at 3500 and 1658 
cm
-1
.  Two peaks at wavenumbers, 1335 and 966 cm
-1
 could not be assigned and were 
believed to be possibly artefacts of either a reaction within the melt or oxidation.  
 
The remaining runs, 7A dried 4:1 screw, 8 dried 2:1 screw  and 8A dried 4:1 screw, in 
the metering zone, Figures 4.106 to 4.108 all show evidence of the presence of novolak 
resin, mineral oil, moisture ( acetone soak and subsequent heating would have removed 
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any surface bound moisture from the samples) and inorganic material, all constituents 
of plate-out. 
 
The analysis of the Pensacola manufactured runs, Figures 4.109 to 4.115 generally 
follows the observations discussed for the Newport sourced product for the residue 
composition particularly for samples from the metering region of the screw. The 
presence of bound moisture is also strongly in evidence. Run 4A dried transition zone 
residue and Run 7A dried 4:1 screw was shown to be primarily Santoprene
TM 
TPV. 
 
An important result is result is seen in Figures 4.109 and 4.113, 1 dried 2:1 screw and 7 
un-dried 2:1 screw. Both runs showed residue in the melt transition zone and this was 
analysed to show the presence of all the components of plate-out including a suggestion 
of trace amounts of novolak resin. This reinforces the original postulation that the onset 
of plate-out in the melt occurs early in the extrusion process in the complex transition 
zone melt state, where viscosity, temperature and pressure variance is at its broadest. 
 
The remaining analysis of runs 4A dried 4:1 screw and 7A dried 4:1 screw, Figures 
4.112 and 4.115 of samples taken from the melt in the screw tip area both showed 
evidence of plate-out constituents, oil, inorganic material and in the case of run 4A 
traces of novolak resin on the material surface. This was unexpected, as previously 
discussed there was visual evidence of plate-out both on the screw tip and melt surface 
immediately after completion of the extrusion runs but the grey deposit observed had 
disappeared some time afterwards on storage at ambient temperature. At the time it was 
surmised that re-absorption of the inorganic material aided by the presence of process 
oil had occurred. Visually the surfaces looked clear of plate-out constituents but clearly 
the residues were still present at the surface as illustrated in Figure 4.116. 
 
6.2 Large Scale Extrusion Studies 
6.2.1 Six hour Extrusion Testing 
6.2.1.1 Comparative Study of Three Newport Produced Lots for Plate-out Generation 
With reference to the extrusion trial sheets, Tables 5.1 to 5.6, and the observations on 
processing performance during the trials were recorded as part of the internal test 
procedure, TPE X0124 (described in Appendix 03, Table A3). The plate-out 
observations were corroborated pictorially, Figures 5.1 to 5.6. 
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NEJ 3097 Un-dried and Dried Runs 
In the un-dried condition virtually no deposit was observed on the extracted screw and 
only a small amount of a grey deposit was observed on the breaker plate, screw tip and 
mixing elements, Figure 5.1 B, C. Visible on the screw pitch zone was a very light 
bloom (Figure 5.1D, E, F) which could be scratched but was too thin to be collected in 
usable quantity. The screw tip had some plate-out at the centre of the tip, Figure 5.1C. 
The oil exudation on the die face may be indicative of migrating oil acting as a transport 
medium in the plate-out formation within the barrel and the level observed could relate 
to the plate-out level observed. For the dried run die lip build up formed just after start-
up, after 120 minutes the first signs of die drool appeared (Figure 5.2A). This lot when 
dried produced only a little grey deposit on the breaker plate and the screw tip. The 
plate-out position on the tip was less towards, the centre of the tip. It is unclear if this 
has any relevance. There was very little plate-out observed on the mixing elements, 
Figures 5.2B, C.  On the screw itself no hazy layer (bloom) could be observed and no 
deposit could be scratched off, Figure 5.2D-F. The profile gloss level for this lot was 
also higher (dried and un-dried) compared to the other tested lots. Haul off behaviour 
was also different for dried and un-dried NEJ 3097 material. On this occasion it would 
seem that drying had a beneficial effect on plate-out reduction. The level of oil 
exudation on the die face was also less which could be related. 
 
NFE 3010 Un-dried and Dried Runs 
With the material left un-dried no porosity was noticed on this lot number used straight 
from the unopened bags. Die moustache generation was similar to lot no. NFE 3010 
dried material except that at the end of the run, the amount of moustache present at the 
die was a lot higher and the level of oil exudation (Figure 5.3A) appeared to be at a 
similar level to that seen in 5.1A. The amount of grey deposit on breaker plate (Figure 
5.3B), screw tip (Figure 5.3C) and mixing elements (Figure 5.3D) was also higher with 
the un-dried material from this lot number. The grey deposit was even seen on the front 
edge of the screw flights (close to the mixing elements) and on the screw pitch zone 
itself, figure 5.3E. The thickest deposit was observed just after the blister ring and this 
layer thickness was seen to decrease as the screw compression increased. This suggests 
the pressure profile and increase in shear reduces plate-out deposition by keeping the 
plate-out constituents moving within the melt. For the last 30 minutes of the extrusion 
run the line speed needed to be increased. This was most probably caused by the change 
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in water output of the cooling bath, which needed adjusting during the run. In the dried 
condition a clear hazy layer could be observed after the blister ring and on the breaker 
plate. The screw tip and the mixing elements (Figure 5.4C-D) showed only a small 
amount of grey deposit (at this point the grey deposit was a lot higher with the un-dried 
material). The thickness of the hazy layer, which could be scratched off easily, was 
bigger just after the blister ring and became thinner closer to the screw mixing 
elements, Figures 5.4E, again suggestive of pressure and shear rate effects. 
 
NFG 3022 Un-dried and Dried Runs 
This lot number was packaged in a polyethylene lined octabin (other lot numbers were 
in foil lined 25 kg bags) that was opened for the first trial (NFG 3022 dried) and then 
left for a couple of weeks in warehouse storage. As a result of this the porosity was very 
high in the extruded profile of un-dried material showing the hygroscopic nature of the 
product. This also affected the level of die lip build up (Figure 5.5A). Die drool was 
noticeable after 210 minutes. It seemed that as die drool (wet build up) appeared, the 
die lip build up (dry build up) disappeared, no die lip build up formed once drool started 
to melt on the hot die. The total amount of deposit was noticeably lower with this un-
dried lot of material (Figure 5.5B) when compared to other lots and to the results 
obtained when this material was dried. Also noticed was the reduced level of oil bleed 
at the die exit compared to previous runs and this lot number run in the dried condition 
(Figure 5.6). The question was had this higher level in moisture content somehow aided 
in keeping the plate-out deposition minimal perhaps a steam layer forming against the 
metal surfaces or more likely a further increase in the pressure profile within the barrel. 
The output of the un-dried material is also somewhat lower than with the dried material 
again the water content probably causing increasing plasticisation and reduced forward 
movement of the melt by melt slippage. After drying die lip build up was noticed 
almost immediately after start-up.  However, the level was much less compared to the 
un-dried material. The process of drying appeared to have driven at least some of the 
moisture off. Die drool was observed after 90 minutes. After the 6 hours extrusion run, 
deposit was observed on the rear of the breaker plate and on the screw, Figures 5.6B-E. 
The deposit on the breaker plate was a more grey „powder-like‟ whilst the screw deposit 
was more a hazy film layer that gave a more white appearance as it was scratched off 
(Figure 5.6C). This film layer seemed to be thicker just after the blister ring and became 
thinner as the screw compression increased. This is the same observation as that made 
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for lot number NFG 3022 in the dried condition. Before the blister ring no surface 
deposit was observed. On the screw tip and on the exit side of the mixing elements was 
also a more grey deposit. The overall deposit level of this lot number (NFG 3022) was 
somewhat lower than the level of lot number NFE 3010 but much higher than lot 
number NEJ 3097. 
 
6.2.1.2 Processing Variation Analysis  
The graphs below, Figures 6.7, 6.8 and 6.9 compare the monitored and recorded values 
for pressure, torque and output taken from the run log for each lot number and drying 
condition. When the run data was compared the pressure variation, Figure 6.7 between 
the selected lot numbers was seen to follow a general trend, the worst case plate-out, lot 
number NFE3022, having the highest start and finish pressures both dried and un-dried. 
What is also noticed is that each lot number has a distinct pressure banding irrespective 
of drying, with lot number NEJ 3097 requiring the lowest starting and finishing 
pressures. The influence of drying is also seen to increase the pressure generation in the 
barrel suggesting that the drying process was managing to drive off some internal 
moisture from materials that already had low surface moisture content (internal QA test 
requirement) as measured at the point of bag off in the plant. This is supported by the 
pressure difference between dried and un-dried material, lot number NFE3022 where 
the initial moisture content was known to be higher than the other runs. The pressure 
difference is less pronounced suggesting the standard drying regime is efficient enough 
to drive of condensed moisture on the pellets under normal conditions but not efficient 
enough to remove enough moisture to affect the processing performance once moisture 
has been absorbed into the pellets. It should be noted that in terms of the QA test all 
these materials pass the criteria for pressure change over the six hours (replicates 
broadly the duration of a manufacturing extrusion shift). The requirement is that a 
product cannot display a pressure change of greater than thirty bars within the six hours.  
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Figure 6.7 Comparison of Pressure Variation over the Test Duration 
 
The torque requirements for each run, Figure 6.8, clearly show the influence of drying 
on the work energy needed to process each material. The un-dried runs after a settling 
period from start up, all show a higher screw torque at the constant screw speed of 100 
rpm. This may be reflective of a change in melt condition and the pressure profile in the 
barrel. 
 
 
 
 
 
 
 
 
 
Figure 6.8 Comparison of Torque Variation over the Test Duration 
 
In terms of output rate, Figure 6.8, the change from un-dried to dried material has a 
significant effect. The output rate difference between each lot number when dried is 
between 0.5 and 0.8 kg/hour greater in the test. Again this illustrates the change in melt 
and barrel condition. 
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Figure 6.9 Comparison of Output Variation over the Test Duration 
 
All runs irrespective of drying gave plate-out to a greater or lesser extent with lot 
number NEJ3097 showing the least evidence of plate-out. This confirms that there is a 
level of internally bound moisture that conventional drying techniques cannot remove. 
Increasing drying residence time and/or temperature (standard is 80 
°
C) has the 
possibility of also volatilising process oil (migration through the pellets) which in turn 
could significantly affect processing performance and finished product quality. This 
initial study confirmed plate-out is inherent in this material due to its base formulation 
(which remains proprietary). There was a 10% difference between the maximum and 
minimum pressures at start up, the amps range was 6.5 to 7.1, and output range is 9.9 to 
11.01. These differences remained consistent across the test duration. Although not 
defined, the precision of the test and instrumentation can also be expected to be in the 5 
-10% range.  
 
The quoted material viscosity values measured with a Dynisco Capillary Rheometer, 
model LCR – 6000 are very close at 79 Pa.s (NFG 3002), 80 Pa.s (NEJ 3097) and 83 
Pa.s (NFE 3010) at 1200 s
-1
 shear rate, the QA standard reported point. The LCR is 
sensitive to the real viscosity (actual pressure in the die) of the materials and again no 
real differences were observed.  
 
The studies have shown a natural variation in melt viscosity at the both within a lot and 
from lot to lot. It is apparent the value taken at 1200 s
-1
 does not properly represent the 
actual melt viscosity differences at the lower shear rates of the extrusion process. This 
could also reflect in the variation in melt pressure seen. 
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6.2.1.3 Effect on Plate-out from Re-working Santoprene
TM
 Grade101-55W185. 
A study was conducted in the Newport Plant, Tables 5.7 - 5.9 and Figures 5.7 - 5.9 to 
determine whether re-processing a Santoprene
TM
 101-55W185 grade with known 
propensity to plate-out would reduce or remove this issue. Based on the knowledge 
gained from the comparative study, 5.6.1.1 the lot number NFG 3022 was selected. 
After re-working this lot in the production twin screw compounder it was given a new 
lot number, NFK 3073. 
 
The re-processing trial conducted in the Newport Manufacturing Plant did not remove 
the plate-out issue even when dried, Figure 5.9. The level of plate-out on the extruder 
screw and breaker plate appeared to be less for lot number NFK 3073 when compared 
to the lot number NFG 3022 test results, Figure 5.7. Quantitative analysis was not 
possible. Drying only had a marginal impact on the observed level of plate-out for lot 
number NFK 3073, Figures 5.8 and 5.9. 
 
Drying did improve the processing efficiency of lot number NFK 3073 as illustrated by 
the increased output rate and profile dimensional stability, Tables 5.8 and 5.9. Both lot 
numbers, NFG 3022 and NFK 3073 gave very similar extrusion profiles and output 
rates when the materials were dried. Extrusion pressure and torque measurements show 
that for the same extrusion condition lot number NFG 3022 appears to have a slightly 
higher melt viscosity. The moisture content analysis for both lot numbers are given in 
Tables 5.25 and 5.26 and discussed in section 6.2. 
 
6.2.1.4 Comparative Study between Newport and Pensacola Sourced Products. 
This six hour extrusion study was aimed at understanding if there were any differences 
in plate-out generation between product sourced from the Newport manufacturing plant 
and the plant in Pensacola. Tables 5.10 to 5.13 give the processing monitoring results 
and Figures 5.10 to 5.11 the equipment condition at the end of each run.  
 
Comparing the plate-out formation differences between the Pensacola (Figures 5.12, 
5.13) and Newport (Figures 5.10, 5.11) sourced products it was seen that there was a 
thicker grey more „powder-like‟ layer on the screw tip and mixing elements in the case 
of the Pensacola material, Figures 5.12 and 5.13 whereas the Newport plate-out 
observed appeared to be more of an even film on the tip, Figures 5.10 and 5.11 and was 
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less evident. Newport run plate-out on the screw surface was again a more hazy very 
thin film which was not seen at all in the Pensacola runs. 
 
Interesting was the observation of the actual form of the deposition on the Pensacola 
screw tip particularly in the case of the un-dried run. It can be seen quite clearly that the 
intensity of plate-out increases from the tip centre outwards in a distinct spiral fashion. 
This might suggest the deposition is occurring within the laminations (layers) formed 
within the melt due to melt velocity changes across the melt channel. In all cases plate-
out was generated. It was also noted that the deposition on the Pensacola run screw 
surfaces predominated on the leeward or pushing flight of the screw. This helped to 
confirm the observations from the optical and SEM studies conducted for the DOE 
study (chapter 4), where there was noticeable differences of particulate concentration 
between the screw to flight regions in the across the flow direction in many cases.   
 
In terms of the overall processing performance no significant differences were recorded 
for either dried or un-dried runs. Pensacola material ran at a slightly lower melt pressure 
but the pressure change over time was very low for all runs. Based on the run 
observations, plate-out analysis was conducted to determine any compositional 
differences and moisture content analysis to assess whether the change in plate-out 
appearance was due to moisture level. 
 
6.2.1.5 Six Hour Extrusion Testing of Santoprene
TM
 101-55W185 Variants 
Building on the learning‟s from the previous work conducted, a further study was 
undertaken to determine if any manufacturing process changes could be implemented 
that would reduce or remove the plate-out issue with this material, Tables 5.14 - 5.23. 
These changes could not fall outside of the manufacturing specifications so 
reformulating was not an option. The variants produced are described in section 5.1.4 
but principally centred on reducing potential transport media, moisture content and 
process oil. Table 6.3 gives a results summary of the extrusion run observations and 
Table 6.4, a summary of the observations from the complete study. 
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Table 6.3 Results Summary Table of Six Hour Extrusion Testing of Santoprene
TM
 101-
55W185 Variants 
 
 
Table 6.4 Process Summary Table of Six Hour Extrusion Testing of Santoprene
TM
 101-
55W185 Variants 
 
 
From the study the following observations were made in terms of variant influence on 
plate reduction and processing performance: 
 
For variant 1 using the Pensacola P52 screw geometry, lot number NGH1501, the 
extrusion run was seen to generate a very high a melt pressures Figure 5.14-5.15 both 
dried and un-dried and a poorer extrudate quality than the standard P53 Newport screw. 
Here the drying of the material was seen to again increase the plate-out level and the 
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plate-out had now changed to the more film like deposit unlike that seen previously and 
described in 5.6.1.3. This would tend to direct the plate-out type towards raw materials 
rather than process. As an option this was ultimately discounted as a means to improve 
plate-out reduction.   
 
Variant 2, NGH 3511, was the benchmark used, standard Newport manufacture of 
Santoprene
TM
 101-55W185 and processed as expected with plate-out levels seen 
previously, Figures 5.18 – 5.19. 
 
Variant 3 which used a lower level of resin-in-oil level, lot number NGH 3512 was 
stable during the six hour run with a low pressure change but produced a heavy plate-
out at the mixing zone and in the breaker plate.  Oil exudation at the die exit was also 
heavy which may point to why there was so much plate-out, Figures 5.22 – 5.23. This 
was deemed to not be a viable change option. 
 
Variant 4 lot number NGH 3513 which used no barrel venting during the manufacture 
of the product. In the un-dried condition the pressure builds up too high, Figure 5. 15 
but once dried the process stability was improved with the pressure development 
remaining within acceptable levels. However the dimensional stability fell away after 
three hours for the un-dried condition, Table 5.20 and towards the end of the dried run, 
Table 5.21. This variant failed the extrusion test. 
 
Variant 5, lot number NGH 3514, involved a twenty percent reduction in the level of 
stannous chloride, for the un-dried run the pressure change was significant with a 
reduction in profile stability suggesting the influence of moisture in the presence of this 
hygroscopic material. Drying changed the situation, now the run showed the least plate-
out formation, Figure 5.24 and very good processing characteristics.  This variant 
looked very promising and was progressed. 
 
Drying only seemed to significantly impact the no venting (NGH 3513) and low 
stannous chloride (NGH3514) materials where lower pressures were observed after 
drying, Figure 5.32. A lack of venting does appear to give an unstable product for 
extrusion most probably due to the level of volatiles remaining in the melt. Standard 
production (NGH3511) and low resin-in-oil material (NGH3512) seem least effected by 
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pre-drying and the most stable from a processing view point. Die lip build up levels 
were at their best for the low stannous chloride dried condition. Not drying generally 
gave worse levels of build up, the exception being NGH1501 which appeared to be 
largely unaffected. 
 
All materials produced appear to have given plate-out levels ranging from heavy 
(NGH3512, NGH3513) to relatively light levels (NGH1501, NGH 3511 and 
NGH3514).  
 
6.2.1.6 Historical Moisture Content Analysis 
The bar chart showing the historically measured moisture content, Figure 5.26, for this 
grade of material shows an apparent high variation in surface moisture levels but even 
so, the actual level was still very low and viewed as normally acceptable for subsequent 
processing. What is key is that the internal moisture level is not routinely measured as 
part of the manufacturing quality procedures. However, the bar chart does show a slight 
increase in measured moisture content in this grade over time. 
5.7.2.2 Comparative Study of Three Newport Produced Lots for Plate-out Generation 
The conclusion from this study was that drying only appeared to significantly alter the 
surface bound moisture level from levels of 0.05 (500 ppm) to 0.06% to 0.01 to 0.03%. 
The internal moisture present in the sample dropped by less than 0.01%.  
 
The test can only be indicative of the moisture content because it uses a small 
proportion of the available material. Sampling could have a strong influence on result 
so a minimum of two samples are normally tested. Many re-runs would be needed to 
fully qualify the actual moisture level of a material.  
 
Lot Number NFG 3022 results would suggest the pellets in the un-dried state had 
reached an equilibrium state at 0.06% moisture content. The measured internal moisture 
content of Lot Number NFG 3022 was approximately two times higher than Lot 
Number NEJ 3097 an artefact of the manufacturing process variation. This was deemed 
significant as a driver of plate-out formation and the variability in severity. 
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6.2.1.7 Effect of Re-Working on External and Internally Bound Moisture Content 
 
Evaluation of re-working (NFK3073), Table 5.25 showed that reprocessing did not 
appear to have significantly changed the level of surface bound moisture or the level of 
internal moisture contained within the pelleted product. There is an inconsistency in the 
level of external moisture present after drying. Lot number NFK 3073 shows a surface 
bound moisture content approximately three times higher than the reference material. 
This cannot be explained at this time but could be simply attributable to differences in 
the sampling technique, sample storage or contamination. The results do not confirm 
that moisture content was the root cause of plate-out. The reported improvement in 
processing cannot be attributed to a lower level of internal moisture found in lot number 
NFK 3073. The possibility is that re-working the product actually improved the 
distributive and dispersive mixing of the plate-out constituents. 
 
6.2.1.8 Moisture Content Analysis of Pensacola Material 
The measured externally and internally bound moisture content of this lot number 
PFF2037 had a lower initial external moisture content of 0.035% in the un-dried 
condition which further reduced to 0.03% after drying. Of most relevance is the level of 
internally bound moisture which at 0.028% is approximately half that measured for 
Newport sourced material. This could be why the plate-out seen in materials sourced 
from different plants can take a different form. 
 
6.2.1.9 Moisture Content Analysis of Santoprene
TM
 101-55W185 Variants 
The measured moisture contents of the materials appeared to vary considerably, Table 
5.27. This may be down to the small sample size although, the apparent anomaly 
observed with NGH 3511 was found to be a real result by repeat testing. This highlights 
the variation possible in the production situation. Sampling position within the drier 
(top to bottom) may also be critical to the measured external moisture content. The 
standard drying regime, three hours at 80 
0
C does not remove a significant amount of 
the bound moisture, at best approximately 50%. Although not yet proven, the residual 
level of internal moisture, mainly from the stannous chloride may be a significant 
contributor to plate-out. 
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6.3 Characterisation of Inorganic Constituents 
6.3.1 Comparison of Clay Distribution within Compound Morphology 
Figures 5.27 and 5.28 show the results of SEM/ EDS analysis of the two clays used in 
Santoprene
TM
 TPV manufacture; UK sourced Imerys Polestar 200P used in Newport 
and Burgess Icecap clay sourced in the USA. From the study the following observations 
were made. The clay particles were seen to be more „elongated‟ in the case of the 
Burgess clay and have a larger size and size distribution compared to the Imerys clay. 
There were also differences observed in aspect ratio between the clays. In general the 
Burgess clay particles appeared to be less angular in form. The Burgess clay element 
maps also suggested an aligning effect of the clay particles in the section, Imerys clay 
being more random dispersion. This may help to explain the plate-out alignment seen 
on the screw tip (spiral form) and lines of plate-out on the screw surface. 
 
The EDS element mapping showed that the primary constituents were as expected 
aluminium and silicon but the trace elements present are different;  
Imerys Polestar 200P Clay - spectrum: Major: Al,Si; Traces: S,Cl,K,Sn,Ca,Cr,Fe 
Burgess Icecap K Clay -  spectrum: Major:      Al,Si ; Traces: Zn,S,Cl,K,Sn,Ca,Cr,Fe 
 
The two clay sources were further characterised by SEM to determine if there were any 
differences in shape and size. Figures 5.29 and 5.30 compare the SEM micrographs 
taken. The main observation was that the Imerys clay appeared to have more angular 
platelets and be more aggregated. The elemental analysis of the neat clays differed from 
the analysis in the clay dispersion study, the trace elements observed in the spectra for 
each material, Figure 5.31 show traces of titanium in the Icecap clay and only traces of 
potassium in the Polestar clay. In essence both clay sources looked very similar. The 
micrographs comparing the two stannous chloride types, Figures 5.32 and 5.34 show 
some distinct difference in structure, the Masons stannous chloride being more porous 
and platelet in form. This is very similar in structure to the plate-out fragments observed 
and discussed in the Chapter 4 SEM study. The zinc oxide powder, Figure 5.33 
consisted of small aggregates of varying size with a rounded and cylindrical structure 
that would assist in its mobility within the melt. The EDS spectra for both stannous 
chloride and zinc oxide did not show any trace elements. 
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6.4 SEM Plate-out Analysis 
6.4.1 The work by EDS had shown that samples of plate-out appeared to differ in their 
major constituents. Product from the Newport manufacturing plant consisted primarily 
of plate-out associated with the curative system. Pensacola produced material had plate-
out whose major constituents appeared related more to the clay fillers. The form of the 
plate-out looked different and deposited in different areas on the screw, Newport‟s 
plate-out being a thin film primarily observed on the screw root with a light coating on 
the screw tip whilst Pensacola plate-out was a more „powdery‟ type deposit in the 
mixing elements and on the screw tip. This apparent difference may be important to 
understanding and controlling the type and position of plate-out in the process but also 
it could be significant to understanding the plate-out formation. 
Figures 5.36 – 5.39 show the individual spectra for each deposited residue and Tables 
5.28 - 29 show a basic attempt to try to characterise each sample from both the screw 
surface and the filter pack. What was noticeable was the wider variation in colour of the 
deposit for the Newport material ranging from grey to black. The Pensacola deposit was 
essentially grey in colour. 
The following elements were detected and given a 'semi-quantitative description', 
 
PFF2037 grey deposit  Mainly composed of Si, Al and C.  
    Minor in O, Cl, Sn, Zn.  Traces of Ti, Fe 
 
NFG3022 brown deposit on black rubber particle: Mainly composed of Zn, Cl, Sn. 
Minor C, O.  Traces of Al, Si, Fe. 
 
NFG3022 black rubber particle (removed brown deposit): Mainly C, Cl, Zn. 
Minor Al, Si.  Traces of Fe, O 
 
NFG3022 grey:   Mainly Zn, Cl.  
Minor Sn, C, O.  Traces of Si. 
 
It would seem that the Pensacola extruder deposit was composed mainly of Al and Si 
(clay) whilst the deposit from the Newport extruder was composed of Zn, Sn, and Cl, 
(more curative related). The NFG 3022 result would confirm the other observation in 
chapter 4 that zinc chloride is formed in the extruder especially as the trace element is 
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tin. However, the overall fingerprint of both deposits is the same.  The concentration of 
elements might change from particle to particle.  
 
6.4.2 SEM/ EDS Analysis of Santoprene
TM
 101-55W185 Variants Study. 
Tables 5.28 and 5.29 show the results of the EDS study of the extruded SantopreneTM 
101-55W185 variants. Samples of plate-out were extracted from the screw surface and 
from the filter pack.  
 
For Table 5.28 EDS analysis of screw residues, variant 1, lot number NGH1501, 
change of screw geometry three different coloured residues were extracted from the 
screws of the un-dried and dried runs.  The black material from the un-dried run was 
analysed and seen to contain all the expected plate-out constituents including tin in 
small amounts and the grey coloured material both dried and un-dried was seen to 
consist of clay filler with only small traces of tin chloride.  
 
From the analysis of variant 2, lot number NGH 3511 the black residue was identified 
as basically Santoprene
TM
 TPV whilst the dried and un-dried grey deposits did show 
differences. In the case of the un-dried grey deposit this was essentially clay but the 
dried material showed up as plate-out. Here drying had appeared to make the formation 
of plate-out easier.  
 
For variant 3, lot number NGH3512 the black material removed from both conditions 
was essentially Santoprene
TM
 TPV with the grey residue highly suggestive of plate-out.  
 
Variant 4, lot number NGH3513, again the black residue was analysed to be essentially 
Santoprene
TM
 TPV. The levels of tin and chlorine present were seen to increase if the 
material was dried. 
 
Variant 5, lot number NGH3514 in the evaluation at the end of this run was seen to 
perform well against the current production in terms of plate-out. The results suggest 
plate-out or the onset of plate-out was likely to be present in the un-dried material. 
Drying in this case had the reverse effect with no detectable plate-out on the screw.  
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Examination of the screen pack residues, Table 5.29 was more complex. For each 
variant run various types or colour of residue were extracted.  
 
In the case of variant 1, the new screw geometry, NGH1501, the filter residues from the 
dried run contained evidence of plate-out constituents, zinc oxide and clay embedded in 
the mesh. The un-dried only had evidence of clay. 
 
For variant 2, the standard production, NGH 3511, the results of the filter analysis for 
the un-dried run showed plate-out with the dried run to lesser extent.  
 
For variant 3, lot number NGH3512, reduced resin-in-oil, the level of tin and chlorine 
were more in evidence as well as the clay, confirming plate-out was present in the filter. 
It also suggests that the level of novolak resin in the material was insufficient for all the 
curatives to be consumed in the cross linking reaction and more free tin chloride was 
being carried through in the melt. 
For variant 4, lot number NGH3513, the manufactured run with no barrel venting the 
screen pack contained essentially clay filler and stannous chloride. This could suggest 
that the increase in moisture in the melt due to the lack of barrel venting had solubilised 
the tin chloride and carried it through within the melt. 
 
The low stannous chloride variant run 5, lot number NGH3514 had all the constituents 
of plate-out in the filter pack but the plate-out deposition did not occur in the dried 
condition. 
 
In terms of the colour of the various residues identified, they do assist in identifying the 
nature of the material. White or brown residues present on the screw or on the screen 
pack appear to be mainly stannous chloride or some instances zinc oxide whilst the grey 
coloured residue is clay. These different coloured residues appeared to exist as 
individual entities on the screw and filter pack and were not combined as a single 
particle but more as an aggregation of particles. The presence of zinc chloride was also 
suggested by the levels of zinc and chlorine with only trace levels of tin. This was also a 
white colour.  
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6.5 Property Testing 
6.5.1 Variation in Melt Viscosity Analysis of Santoprene
TM
 TPV Grade 101-55W185 
As part of the overall investigation the variation in melt viscosity was analysed between 
manufactured lots of Santoprene
TM
 TPV grade 101-55W185. Figure 5.45 is a plot of 
melt viscosity as a function of strain rate for various lot numbers produced over a three 
year period. This testing was conducted on the QA laboratory capillary rheometer, 
Dynisco model 6000. What is clear from a quality control perspective is the consistency 
of performance of the product at the QA check point of 1200 s
-1
. However, this is 
purely a QA metric for product release (it applies to all Santoprene
TM
 TPV grades) and 
does not relate the variation in product viscosity at strain rates appropriate to the 
extrusion process. In extrusion it is normally expected that strain rates in the barrel 
would be between 180 and 300 s
-1
 and in the die up to 500 s
-1
. From the graph what is 
immediately seen is the wide variation in melt viscosity at the low strain rates. 
Santoprene
TM
 TPV materials are shear sensitive and as such their melt viscosity reduces 
as the level of work on the material increases (pseudoplastic behaviour). This explains 
the wide variation at the low strain rates. The range of viscosity at 120 s
-1
 is +400 Pa.s 
is significant. In terms of plate-out, this variation in melt viscosity at extrusion strain 
rates could be an attributable factor for why some lot numbers have more or less plate-
out and also why, depending on the specific processing conditions a single lot can show 
plate-out. Figure 5.46 is a plot assessing the repeatability of the test. It shows that in the 
manufacturing QA focus area of 1200 s
-1
 the repeatability is very good but again within 
a single lot the measured viscosity variation is approximately 150 Pa.s, which in terms 
of extrusion processing would require almost continuous process adjustments. 
 
6.5.2 LCR Melt Viscosity Measurements of Santoprene
TM
 101-55W185 Grade Variants 
The standard LCR test was conducted on all the variants produced and is shown in 
tabular form in Table 5.30 and graphically in Figure 5.47 and 5.48. The plot is derived 
from standard data points taken by the computer software and then the intervening data 
points interpolated.  What the table and graphs show is that under the conditions of test 
all variants compare favourably with the benchmark current production material, apart 
from lot number NGH 3513, the material produced with no barrel venting. This was 
surprising as the presumption was that with no venting the volatiles content of the 
material would be increased. If that was the case it would have been expected for the 
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melt viscosity to reduce due to increased plasticisation effects. This remains 
unexplained. 
 
6.5.3 Key Physical Properties 
As part of the study any variant showing promise in terms of plate-out reduction or 
removal, the requirement to maintain the physical properties at the level of the current 
production product was vital. This grade of Santoprene
TM
 TPV is used to produce seals 
both injection moulded and extruded that need a modelled life expectancy in the field of 
100 years. Table 5.31 provides the summary of the test results from the manufacturing 
plant, the finished product test results are the criteria on which product release is based. 
What is clear from the results is that plate-out levels aside, all the variants met the 
product performance criteria. Given the sealing performance requirement of this grade a 
new lot of material based on variant NGH 3514 was produced utilising all the 
knowledge derived from the whole study, lot number NHC3093 and further internal 
testing specific to meeting sealing performance for pipe seal applications and BS EN 
681-2: 2000 were performed, Figure 5.49 and Tables 5.32, 5.33 (approval from a 
certified external test house is ultimately required). 
 
One of the key requirements for any sealing application is the ability of the seal to 
maintain its sealing capability for its entire service life. For all sealing materials the 
force decay over time is crucial in order to understand and maintain sufficient sealing 
force in the application. A compression stress relaxation test to predict the long term 
sealing performance of a material was used. A 13mm cylindrical test piece nominally 6 
mm thick is compressed by 25 % and the force decay over time recorded. The results 
suggested that this new variant of Santoprene
TM
 101-55W185 would meet the 
requirements. 
 
6.5.4 Compression Set Testing 
As part of the sealing characteristics of the material according to BS EN 681-2: 2000 a 
material it is required to meet certain compression set requirements over time at 
temperature. The results for the internal testing on new lot number NHC3093 are given 
in Table 5.31; at all temperatures the product produced passes to the test standard. 
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6.5.5 SEM/ EDS Determination of the Structure of Plate-out 
The composition of plate-out has been reported extensively
(92-101)
 and in all cases the 
principal components are the inorganic components within the polymer. This study has 
produced something unique, an analysis of the structural formation of a plate-out 
deposition. A sample of plate-out in a decompression area (in front of the screws) of the 
production twin screw compounder was obtained from the Newport manufacturing 
plant as a result of planned line maintenance. It should be noted that it represents the 
plate-out condition towards the metal surface as it was impossible not to lose some of 
the layer because of adhesion.   
 
An SEM/ EDS study was conducted to determine if the plate-out had any order in its 
deposition or was a random association of various elements previously described.  
Figures 5.50 (A) (B) show the surface condition of the plate-out sample orientated 
towards the metal surface. Immediately of note was the varying nature of the surface of 
the sample, in particular the platelet structures identified in Figure 5.50(B). This 
confirmed that the plate-out formation was more complex that a simple aggregation of 
inorganic material; the shape and shape of the fragments precluded them being clay 
particles. On the surface of the sample two zones were identified by their colouration, 
an area that appeared grey as expected from a plate-out surface and an area that was 
more yellow in colour which was unexplained but presumed to be a higher 
concentration of resin-in-oil (part of the cure package), Figures 5.51 and 5.52. Figure 
5.53 gives the elemental mapping away from the specific area containing the broken 
film fragments. The results show the surface is comprised predominately of tin, 
chlorine, zinc and oxygen with a concentration of carbon which could conceivably 
encompass novolak resin for one very specific clay particle identified. 
 
6.5.6 SEM Analysis of „Grey‟ Area of the Plate-Out Surface 
Figures 5.51 and 5.52 show the general surface of the plate-out sample as removed from 
the extruder and the micrographs in Figure 5.54 llustrate the complex nature of the 
surface.  This area of the plate-out surface contained rectangular structures in varying 
degrees of orientation (A) which are most likely stannous chloride, Figure 5.32, small 
rounded particles (D) possibly zinc oxide powder and evidence of clay (B). In addition, 
another needle like structure was observed (C) which appeared to fan out but it was 
unclear if this was indeed something different or the edge view of a clay platelet. These 
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individual structures are bound by a smoother porous material not unlike the general 
structure observed for stannous chloride, Figure 5.32. 
 
6.5.7 SEM Analysis of „Yellow‟ Area of the Plate-Out Surface 
Figure 5.52 is the general surface of the area identified as the „yellow‟ area; the 
topography was seen to be different to that of the „grey‟ area being more brittle and 
cracked with what appeared to be isolated pockets of a powdery substance. A similar 
SEM characterisation study was conducted on the general area; the results are given in 
Figure 5.55. The surface in this region was different to that previously observed; here 
the surface was even more porous and of a disrupted nature. The possible needle 
structure appeared here as well (A) but closer examination confirmed that this was an 
end view of a clay platelet. The small rounded particles (B) do compare favourably to 
the SEM of zinc oxide, Figure 5.33 in section 5.3.2.  Of most interest was the feature 
that was presumed to be a fragmented film layer(C). Its adhesive qualities were clearly 
visible from the zinc oxide adhered to the underside of the film fragment. The fact that 
one surface of these fragments is seen to be smooth with no adherent particles suggests 
that at some point this substance was against a metal surface. 
 
6.5.8 Element Mapping of the Various Structures of both „Grey‟ and „Yellow‟ Areas. 
Figures 5.56, 5.57 and 5.58 give the element mapping of both the „grey‟ and „yellow‟ 
plate-out surfaces. For the „grey‟ area, Figure 5.56, the mapping shows a predominance 
of tin and chlorine elements, stannous chloride (Sn, Cl), with a lower level of evenly 
dispersed clay (Al, Si, O) and zinc oxide (Zn, O). There are indications of organic 
material (C) being present in localised concentrations and this would suggest the 
presence of novolak resin-in-oil. The iron (Fe) is most likely an artefact of the extruder 
metal. For the „yellow‟ area the same observations are made with respect to the 
elements present and the principal component would appear to be stannous chloride. In 
this case the carbon content is stronger and more localised to the black areas seen in the 
micrograph. This coincides with a lessening of chlorine in this area again suggesting the 
possibility of resin-in-oil being present. The film fragments were also mapped to 
attempt to qualify their make up. Figure 5.58 gives a very clear picture of the 
composition of the film fragment and clay particle and the presence of zinc oxide. All 
the expected elements were evident. Interestingly localised carbon was evident 
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predominating in the film fragment areas. This further reinforces the hypothesis that 
resin-in-oil or novolak resin is a constituent of the film. 
 
6.5.9 EDS Spectra Comparing the Surface Structures 
The spectral comparison of the plate-out surface for both areas, Figures 5.59 and 5.60, 
showed no significant differences; all showed very strong tin chloride peaks in 
combination with clay. The spectrum for the dark area on the micrograph, Figure 5.57 
for the „yellow‟ area had all the elements present but the concentration of clay filler and 
zinc oxide appeared to be higher. 
 
6.6 SEM/ EDS Determination of the Structure of Plate-out  
6.6.1 Analysis of Potential Plate-Out structure 
This study was aimed at trying to understand if the plate-out so commonly seen was 
structured in any way or it remained an aggregation of the component parts of plate-out. 
This was an attempt to begin to try to understand the dynamics of plate-out deposition 
and if so which substances moved in relation to one another. The samples were potted 
in epoxy resin and polished. The change in colour of the elements maps is a function of 
the mapping software. Figures 5.61 to 5.64 show the results from the EDS mapping 
study of randomly selected areas of the plate-out sample. In Figure 5.61 the mapping 
showed a very clear layering effect of the elements. From the base, the Santoprene
TM
 
TPV material, it showed the expected high carbon element concentration with traces of 
silicon, oxygen, zinc, magnesium and chlorine which were also expected. What was 
unexpected was the very clear layering effect within the plate-out itself. There was a 
layer immediately above the TPV comprising of the elements, silicon, magnesium, zinc 
and chlorine with traces of oxygen but no aluminium or tin. This was followed by a 
thicker outer layer towards the metal surface comprising of tin, chlorine and zinc with 
traces of oxygen. The layer structure suggests that the more mobile stannous chloride 
and possibly zinc chloride, possibly solubilised in internal bound moisture, along with 
the small sized zinc particles were preferentially transported out of the TPV to the 
metal. In Figure 5.62, sample 2, the layer structure is different, the carbon element 
shows at both top and bottom of the map which is a function of the TPV at the base and 
the epoxy compound at the top. Across the section the main constituents are again tin, 
chlorine, zinc with traces of carbon, aluminium and oxygen. What was interesting here 
was the silicon and magnesium (possibly magnesium silicate a clay impurity) remained 
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at the TPV plate-out interface as previously described. The movement of constituents 
appears to follow a similar transport mechanism as described by Gilbert et al
(93)
 and 
Holtzen et al
(95)
. Sample 3, Figure 5.63 has a completely different map to the previous 
two samples. In this area the plate-out sample is seen to consist of TPV material into 
which the other elements are dispersed apart from at the very top surface where there 
was a thin intense layer of zinc and chlorine supporting the theory that zinc chloride is 
formed in the extruder and could induce crosslinking of any free novolak resin. This is 
further supported by the tin which was almost entirely absent. The final sample, Figure 
5.64 had a very similar map to sample 2, Figure 5.62. The general plate-out section 
consisted of primarily of tin, chlorine and zinc with trace levels of aluminium and 
carbon. The silicon remained as previously observed, at the TPV to plate-out interface. 
The results of this study have increased the possibility of understanding the mechanics 
of plate-out migration through the melt to metal surfaces. 
 
The study discussed in Chapter 5 for large scale trials focussed on the effect of lot to lot 
variation, processing differences between products sourced from the two manufacturing 
sites and formulation changes possible within the restrictions of the ExxonMobil plants 
extrusion quality control systems. The study confirmed a natural variation in processing 
characteristics at the point of manufacture that also needs to be taken into account when 
determining the subsequent process conditions for a specific process. Dependent on the 
material source the plate-out produced did show some deposit differences. The Newport 
material produced a film of plate-out on the screw whereas the Pensacola sourced 
product plate-out was more powder-like in form. The study of the Santoprene
TM
 101-
55W185 variants produced at the Newport manufacturing plant produced results that 
showed that changing some of the line conditions and curing constituents levels within 
allowable limits could significantly impact on the reduction in plate-out formation.  
 
In respect to drying the material (which is recommended) prior to extruding, the drying 
condition does not remove the plate-out issue but can reduce it. The hydrophobic nature 
of the non polar polymers does restrict but not prevent the rate of external moisture 
absorbed due to the hydrophilic nature of the curing constituents. The real issue appears 
to be related to the level of internally bound moisture present at the point of 
manufacture. Conventional drying regimes have been shown to not significantly affect 
this. This issue requires addressing at the point of manufacture. 
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6.6.2 Plate-out Constituents, Formation and Structure 
The plate-out constituents have been identified as clay and curing agents; tin chloride, 
zinc oxide and novolak resin in the presence of process oil and this concurs with other 
observations made by other researcher‟s(93-102). 
 
6.7 Research Findings 
The initiation point of plate-out formation has been identified as first occurring in the 
transition zone of the screw, developing in the transition to metering zone region and in 
the main, depositing as plate-out in the metering section and screw tip. The SEM/ EDS 
study showed that the inorganic materials had higher concentrations towards the metal 
surfaces particularly in the transition to metering zone transition and towards the 
forward end of the metering zone.  In the study the deposition positions a least initially, 
were predominantly on the screw in the area of the rear or pushing flight in the flight 
channel and at the forward end of the metering zone either as striations on the screw 
root or as a film across the whole area of the root and at the tip. The schematic, Figure 
6.10 attempts to illustrate the sequence of the initiation (transition zone) and migration 
of resin-in-oil and inorganic particulates through to the final deposition in the metering 
zone and screw tip.   
 
The reason why the plate-out predominates on the pushing side of the flight channel is 
most likely due to the influence of the cross channel flow, the flight leakage flow and 
the eddying effect at the change in melt direction in the area of the flight clearance and 
screw root, Figure 6.11. 
 
 
 
 
 
 
 
 
Figure 6.10 Schematic Showing the Separation of Plate-out Constituents 
302 
 
and their Movement within the Melt until Final Deposition. 
 
Figure 6.11 Schematic of Melt Movement within the Flight Channel 
 
In the case of the observed plate-out film it is conceivable given the high shear 
condition at the flight clearance that the easier flowing low viscosity oil (which has 
solubilised any novolak resin present) or zinc chloride solubilised in residual 
moisture
(93)
 preferentially moves through the flight clearance providing an initial 
tackifier tie layer for particles to adhere to. The presence of the zinc chloride ultimately 
cured residual novolak
(100)
 causing the hard layer to adhere to the metal.  At the screw 
surface, the lower shear and temperature may allow the semi-immiscible low viscosity 
components to condense
(95) 
on the metal surface causing a similar effect. 
 
For the powdery type of plate-out observed the deposition mechanism is the adhesion 
mechanism of the inorganic material to the metal surfaces which is believed to be 
similar to that cited by Lesovyansky
(100)
 for PVC compounds. The clay filler and zinc 
oxide geometry and their aspect ratios also contribute to their mobility through the melt.  
 
The second study of plate-out involved determining whether the deposition observed 
was an aggregation of the inorganic material or it had some form of defined 
characteristics. This was proved to be the case. By element mapping it was clearly seen, 
that in cross section, the plate-out was very well defined in terms of the relative 
positions of the inorganic elements within the section. It also confirmed the presence of 
zinc chloride and probably resin-in-oil and supports the theory of the film type plate-
out. Although there were variations between the samples analysed, the sectional 
Flow 
Direction 
Small Flight 
Clearance 
(Leakage flow) 
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sequencing was present in all samples. The mechanism of how this sequential 
deposition occurs is not fully understood and is worthy of further investigation. 
 
The findings from the processing study have been communicated to the ExxonMobil 
manufacturing plant and the recommended changes to the production process; the 
reduction in stannous chloride level (which did not compromise product processing or 
final product properties) and improved control of the manufacturing line have been 
implemented. Since 2008 no reported plate-out issues have been received. 
 
6.8 Discussion summary 
The combination of small scale extrusion DOE and large scale extrusion study has 
enhanced the knowledge and further understanding of plate-out formation in 
Santoprene
TM
 101-85W185 TPV.  
 
It has been demonstrated that pre-drying of the material at the point of processing does 
not remove or necessarily reduce the propensity to plate-out. The study findings show 
that it is the level of internal moisture introduced during material manufacture that is the 
critical to plate-out reduction. 
 
The DOE has shown that irrespective of lot number and pre-drying certain process 
conditions do enhance the likelihood of plate-out formation. The results indicate the 
principal drivers for plate-out are the residence time, temperature and pressure 
associated with a particular extrusion arrangement. Generally lower process 
temperatures in combination with longer residence times and a higher compression ratio 
screw causes the highest propensity for the material to plate-out. This may explain why 
the market feedback has been confusing where one user has no problem but others do. 
 
It can be concluded that the hypothesis of the possibility of zinc chloride reacting with 
free novolak resin to act as a binder has been proven. This would be the adherent to 
metal surfaces causing the cementing of inorganic particulates causing the hard layer so 
often seen. 
 
Plate-out initiation has been demonstrated to be occurring at the beginning of the 
transition zone where both zinc chloride and novolak resin have been detected at the 
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screw surface, the deposition occurring in areas of the screw and barrel in the expected 
areas. 
 
What remained unexplained is the phenomenon of the apparent re-absorption of plate-
out into the surface of the TPV over time at room temperature. It was only confirmed as 
still present by FTIR and SEM/EDS analysis. 
 
Re-processing a material that has shown plate-out does not reduce significantly plate-
out formation even with barrel venting. This would suggest that the reaction mechanism 
to facilitate plate-out had already occurred. It would explain the thin fragmented 
particles seen in SEM and would suggest that in part, this reaction is thermosetting in 
nature and retained within the material after initial manufacture.  
 
Reducing the level of stannous chloride to a level close to a stoichiometric level for the 
curing system has been clearly shown to be beneficial in plate-out reduction. 
Recommendations to do this and revise the method of handling in combination with 
modifying the use of stannous chloride (proprietary information) have been an outcome 
of this study. As stated, the introduction of these changes has reduced instances of 
issues in the market. 
 
The knowledge of plate-out structure has been enhanced, prior to this study no evidence 
of plate-out structure was found in published literature. The study has shown clear 
evidence of inorganic particulates forming into distinct layers. It will be useful for 
future research into transport medium and mechanisms of plate-out formation. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 
7.1 In regard to the influence of processing conditions, it was demonstrated that certain 
combinations of process set conditions do influence the propensity for the Santoprene
TM
 
101-55W185 to plate-out. The study has shown that plate-out formation is complex and 
no single variable removes or reduces it. Lowering the process temperature (to the 
lowest recommended in ExxonMobil extrusion guidelines) did produce the most 
instances of plate-out. Whilst in itself it is not an issue, if combined with longer 
residence times and higher melt compression then plate-out will form. The analysis of 
lot to lot variation has demonstrated a variation in melt viscosity and that the standard 
QA testing does not highlight this. This is because the focus viscosity value is a much 
higher shear rate (1200 s
-1
) than experienced in the extrusion process (180 – 500 s-1). 
This can have a strong influence on optimisation of the extrusion process to minimise 
plate-out.  
 
7.2 Material pre-drying prior to extruding has minimal effect on product taken 
immediately from a supplied bag. Most important is the bound in moisture carried over 
in the product from the manufacturing operation. The principal material this affects is 
the highly hydrophilic stannous chloride used in the resin cure system and careful 
handling to limit atmospheric exposure is required. This has been fed back and 
addressed by the Newport manufacturing plant. 
 
7.3 During the extrusion process particularly in the metering zone, a thin boundary 
layer is formed at the melt to metal interfaces different to the general morphology of the 
material and it is in this layer that the plate-out ultimately resides. 
 
7.4 The variants study has shown the benefit of adjusting the allowable variables within 
the ExxonMobil manufacturing process and product specifications; reduction in 
stannous chloride in combination with good volatiles venting has been shown to 
produce a product that has very low to no plate-out generation. This has been fed back 
and addressed by the Newport manufacturing plant. 
 
7.5 Plate-out has been shown to originate in the transition region of the extrusion screw 
and further develops as the melt progresses into the metering zone where it deposits in 
areas of low shear rate and at the screw tip where melt decompression occurs.  
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7.6 The principal plate-out constituents have been confirmed as clay filler, zinc oxide in 
combination with levels of novolac resin and process oil. Both the infra red 
spectroscopy (FTIR) and scanning electron microscopy in combination with energy 
dispersive x-ray analysis (SEM/EDS) have proved to be very useful techniques in 
characterising plate-out. 
 
7.7 Plate-out deposition has been proven to occur at the pushing flight of the screw 
channel and in the areas adjacent to the flight clearance. This occurs in the worst case, 
before the whole of the screw root is coated. This deposition has been seen to take two 
forms, a dry powdery deposit consisting of essentially clay filler, stannous chloride, 
process oil and zinc oxide. The smoother film deposit has been shown to contain the 
inorganic components normally associated with the plate-out but has in addition, traces 
of novolac resin and zinc chloride. It has been concluded that the novolac resin present 
is cross-linked by the zinc chloride Lewis acid and adheres the other plate-out 
constituents to the metal surfaces. 
 
7.8 The study of the possible structure in plate-out has been proven although the actual 
mechanism of the stratification of the various components of the plate-out remains 
unknown at this time. 
 
Future Work 
Investigate the influence of pellet temperature on entry into the extruder and change 
pressure profile by the inclusion of varying screen pack mesh sizes and breaker plate 
holes in conjunction with the temperature in the transition zone. 
 
Investigate the structure of plate-out deposits and determine the mechanism of the 
stratification of the various components of the plate-out which remains unknown at this 
time and should be pursued. 
 
Investigate the use of the Rubber Process Analyser (RPA), a torsional dynamic 
rheometer to study the manufactured lot to lot variance in measured melt viscosity. An 
analysis of the viscoelastic responses of the materials to temperature, shear and pressure 
to better understand the impact on processing behaviour. 
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Appendix 01 
 Table A1 Extruder Equipment Requirements for processing Santoprene
TM
 TPV.
[86] 
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Appendix 02 
Table A2 Process Considerations for Extruding Santoprene
TM
 TPV. 
[86] 
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Appendix 02(b) 
Table A2b Process Considerations for Extruding Santoprene
TM
 TPV. 
[86] 
 
Barrel temperature profiles                                    101-64                         103-40 
Throat 
Feed Zone 
Zone 1 
Zone 2 
Zone 3 
Die head 
Die  
Melt 
         Cooled                          Cooled 
           175 °C                         195 °C 
           180 °C                         195 °C 
           180 °C                         200 °C 
           190 °C                         205 °C 
           195 °C                         210 °C 
           200 °C                         215 °C 
           195 °C                         215 °C 
 
Haul off rate  To suit extrusion rate and die swell 
Constant speed 2 – 10 % higher than  
output rate 
Extrudate Cooling Total immersion with rollers and / or spray 
bars (Santoprene TPV floats, sg <1) 
Bath length depends on section thickness 
Back pressure Minimum 50 bar to give constant output 
>200 bar can cause over heating and 
degradation 
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Appendix 03 
 
Table A3 Advanced Elastomer Systems Extrusions 6 hour Quality Test Conditions to 
Internal Test Standard TPE X0124. 
(By permission of ExxonMobil) 
Extruder Battenfeld PM 
 
Grooved barrel 
Screw type 30 mm dia. Santoprene screw 
) 
Transition zone shear 
ring and   
Metering zone 
mixing element   
Bauknecht Die 
 
 
  
 
 
 
 
 
Test Duration 
 
6 Hours  
Screw speed 
 
100 rpm  
Output Rate 10-17 kg/hour  
Line speed 6-18 m/min  
Temperature Profile 185,190,200,205,205 °C (die)  
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Figure A1 Santoprene
TM 
101-55W185 Product Data Sheet 
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Figure A1 Santoprene
TM 
101-55W185 Product Data Sheet (cont) 
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Appendix 04(c) 
 
Figure A1 Santoprene
TM 
101-55W185 Product Data Sheet (cont) 
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Figure A2 Santoprene
TM 
101-55W185 Certificate of Quality 
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Appendix 05(b) 
 
Figure A2 Santoprene
TM 
101-55W185 Certificate of Quality (cont)
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Figure  A4 Newport Run 1        Figure  A5 Newport Run 2  Figure A6 Newport Run 7 
2:1 CR Screw – Un-dried.    2:1 CR Screw – Un-dried.  2:1 CR Screw – Un-dried. 
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   Figure A7 Newport Run 8         Figure A8 Newport Run 1A       Figure A9 Newport Run 2A 
2:1 CR Screw – Un-dried.         4:1 CR Screw – Un-dried.               4:1 CR Screw – Un-dried 
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Figure A10 Newport Run 7A        Figure A11 Newport Run 8A         Figure A12 Newport Run 1 
4:1 CR Screw – Un-dried           4:1 CR Screw – Un-dried.         2:1 CR Screw – Dried  
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Figure A13 Newport Run 2   Figure A14 Newport Run 7         Figure A15 Newport Run 8 
2:1 CR Screw – Dried              2:1 CR Screw – Dried.          2:1 CR Screw – Dried  
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Figure A16 Newport Run 1A   Figure A17 Newport Run 2A      Figure A18 Newport Run 7A 
4:1 CR Screw – Dried    4:1 CR Screw – Dried.          4:1 CR Screw – Dried  
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Figure A19 Pensacola Run 1           Figure A20 Pensacola Run 4       Figure A21Pensacola Run 4 
2:1 CR Screw – Un-dried          2:1 CR Screw – Un-dried.        2:1 CR Screw – Un-dried (plate out)  
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    Figure A22 Pensacola Run 1  Figure A23 Pensacola Run 8 
             2:1 CR Screw – Un-dried               2:1 CR Screw – Un-dried 
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Figure A24Pensacola Run 1A     Figure A25 Pensacola Run 4A     Figure A26 Pensacola Run 7A    Figure A27 Pensacola Run 8A                   
4:1 CR Screw – Un-dried      4:1 CR Screw – Un-dried.             4:1 CR Screw – Un-dried     4:1 CR Screw – Un-dried 
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            Figure A28Pensacola Run 1  Figure A29Pensacola Run 3             Figure A30Pensacola Run 7      Figure A31Pensacola Run 8 
            2:1 CR Screw – Dried              2:1 CR Screw – Dried.           2:1 CR Screw – Dried            2:1 CR Screw – Dried 
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Figure A32 Pensacola Run 1A Figure A33 Pensacola Run 4A Figure A34 Pensacola Run 4A 
4:1 CR Screw – Dried   4:1 CR Screw – Dried.  4:1 CR Screw – Dried (plate out) 
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Figure A35 Pensacola Run 7A     Figure A36 Pensacola Run 7A           Figure A37 Pensacola Run 8A 
4:1 CR Screw – Dried        4:1 CR Screw – Dried.(plate out)       4:1 CR Screw – Dried
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Figure A38 Newport Run 1A Dried, 4:1 screw, position 2 – across the channel  
 
 
Figure A39Results – Newport Run 1A, 4:1 CR Screw, Position 3 – across the channel 
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Figure A40 Results – Newport Run 1A, 4:1 CR Screw. Position 4 – across the channel 
 
Figure A41 Results – Newport Run 1A, 4:1 CR Screw. Position 5 – across the channel 
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Figure A42 Results – Newport Run 2A, 4:1 CR Screw. Position 2 – across the channel 
 
 
Figure A43 Results – Newport Run 2A, 4:1 CR Screw. Position 3 – across the channel 
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Figure A44 Results – Newport Run 2A, 4:1 CR Screw. Position 4– across the channel 
 
 
Figure A45 Results – Newport Run 2A, 4:1 CR Screw. Position 5 – across the channel 
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Figure A46 Results – Newport Run 7A, 4:1 CR Screw. Position 2 – across the channel 
 
Figure A47 Results – Newport Run 7A, 4:1 CR Screw. Position 3 – across the channel 
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Figure A48 Results – Newport Run 7A, 4:1 CR Screw. Position 4 – across the channel 
 
Figure A49 Results – Newport Run 7A, 4:1 CR Screw. Position 5 – across the channel 
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Figure A50 Results – Newport Run 8A, 4:1 CR Screw. Position 2 – across the channel 
 
 
Figure A51 Results – Newport Run 8A, 4:1 CR Screw. Position 3 – across the channel 
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Figure A52 Results – Newport Run 8A, 4:1 CR Screw. Position 4 – across the channel 
 
 
Figure A53 Results – Newport Run 8A, 4:1 CR Screw. Position 5 – across the channel 
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Figure A54 Pensacola Run 1A Dried position 2 – across the channel 
 
 
Figure A55 Pensacola Run 1A Dried position 2 – parallel to channel  flights 
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Figure A56 Pensacola Run 1A Dried position 3 – – across the channel 
 
 
Figure A57 Pensacola Run 1A Dried position 3 - parallel to channel flights 
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Figure A58 Pensacola Run 1A Dried position 4 – across the channel  
 
 
Figure A59 Pensacola Run 1A Dried position 4 – parallel to channel flights 
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Figure A60 Pensacola Run 1A Dried position 5 – across the channel 
 
 
Figure A61 Pensacola Run 1A Dried position 5 – parallel to channel flights 
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Figure A62 Pensacola Run 1 Dried position 2 – across the channel  
 
 
Figure A63 Pensacola Run 1 Dried position 2 – parallel to channel flights  
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Figure A64 Pensacola Run 1 Dried position 3 – across the channel 
 
 
Figure A65 Pensacola Run 1 Dried position 3 – parallel to channel flights  
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Figure A66 Pensacola Run 1 Dried position 4 – across the channel 
 
 
Figure A67 Pensacola Run 1 Dried position 4 – parallel to channel flights  
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Figure A68 Pensacola Run 1 Dried position 5 – across the channel 
  
 
 
 
 
 
 
 
 
 
Figure A69 Pensacola Run 1 Dried position 5 – parallel to channel flights 
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Figure A70 Pensacola Run 4A Un-dried, 4:1 screw, position 2 – across the channel  
 
 
Figure A71 Pensacola Run 4A Un-dried, 4:1 screw, position 2 – parallel to flights  
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Figure A72 Pensacola Run 4A Un-dried, 4:1 screw, position 3 – across the channel  
 
 
Figure A73 Pensacola Run 4A Un-dried, 4:1 screw, position 3 – parallel to flights  
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Figure A74 Pensacola Run 4A Un-dried, 4:1 screw, position 4 – across the channel 
 
 
Figure A75 Pensacola Run 4A Un-dried, 4:1 screw, position 4 – parallel to flights  
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Figure A76 Pensacola Run 4A Un-dried, 4:1 screw, position 5 – across the channel  
 
 
Figure A77 Pensacola Run 4A Un-dried, 4:1 screw, position 5 – parallel to flights  
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Figure A78 Pensacola Run 4A Un-dried, 4:1 screw, position 1- screw tip  
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Figure A79 Pensacola Run 4A Dried, 4:1 screw, position 2 – across the channel  
 
 
Figure A80 Pensacola Run 4A Dried, 4:1 screw, position 2 – parallel to channel flights  
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Figure A81 Pensacola Run 4A Dried, 4:1 screw, position 3 – across the channel  
 
 
Figure A82 Pensacola Run 4A Dried, 4:1 screw, position 3 – parallel to channel flights 
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Figure A83 Pensacola Run 4A Dried position 4 – across the channel  
 
 
Figure A84 Pensacola Run 4A Dried, 4:1 screw, position 4 – parallel to channel flights 
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Figure A85 Pensacola Run 4A Dried position 5 – across the channel  
 
 
Figure A86 Pensacola Run 4A Dried, 4:1 screw, position 5 – parallel to channel flights  
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Figure A87 Pensacola Run 7 Un-dried, 2:1 screw, position 2 – across the channel  
 
 
Figure A88 Pensacola Run 7 Un-dried position – parallel to channel flights  
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Figure A89 Pensacola Run 7 Un-dried, 2:1 screw, position 3 – across the channel 
 
 
Figure A90 Pensacola Run 7 Un-dried, 2:1 screw, position 3 – parallel to channel flights  
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Figure A91 Pensacola Run 7 Un-dried position 4 – across the channel  
 
 
Figure A92 Pensacola Run 7 Un-dried, 2:1 screw, position 4 – parallel to channel flights  
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Figure A93 Pensacola Run 7 Un-dried position 5 – across the channel  
 
 
Figure A94 Pensacola Run 7 Un-dried, 2:1 screw, position 5 – parallel to channel flights  
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Figure A95 Pensacola Run 7A Dried, 4:1 screw, position 2 – across the channel  
 
 
Figure A96 Pensacola Run 7A Dried, 4:1 screw, position 2 – parallel to flights 
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Figure A97 Pensacola Run 7A Dried, 4:1 screw, position 3 – across the channel 
 
 
Figure A98 Pensacola Run 7A Dried, 4:1 screw, position 3 – parallel to flights 
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Figure A99 Pensacola Run 7A Dried, 4:1 screw, position 4 – across the channel  
 
 
Figure A100 Pensacola Run 7A Dried, 4:1 screw, position 4 – parallel to flights  
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Figure A101 Pensacola Run 7A Dried, 4:1 screw, position 5 – across the channel 
 
 
Figure A102 Pensacola Run 7A Dried, 4:1 screw, position 5 – parallel to flights 
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F 
 
 
 
Figure A103 Newport Run 1A, dried, 4:1 screw, Barrel Surface in Centre of  
Section – across the channel –metering zone position 2  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A104 Newport Run 1A, dried, 4:1 screw, Centre of Section – across the 
channel –metering zone position 2  
60 µm
O
SiAl
C
Zn
Al
OC
Si
60µm
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Figure A105 Newport Run 1A, dried, 4:1 screw, Screw Surface in Centre of  
Section – across the channel –metering zone position 2  
 
 
 
 
 
 
 
 
 
 
 
 
Figure A106 Newport Run 1A, dried, 4:1 screw, Barrel Edge Surface – 
parallel to flights –metering section position 2 
C O
AL
Cl Zn
Si
60µm
C O
Al Si
60µm
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Figure A107 Newport Run 1A, dried, 4:1 screw, Centre of Section – 
parallel to flights –metering section position 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A108 Newport Run 1A, dried, 4:1 screw, Screw Edge Surface – 
parallel to flights –metering section position 2 
 
C Al
Si
60µm
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Al Si
60µm
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F
Figure A109 Newport Run 1A, dried, 4:1 screw, flight end screw surface – 
across the channel –metering section position 2 
 
 
 
Figure A110 Newport Run 1A, dried, 4:1 screw, Barrel Edge Surface at 
flight tip – across the channel –metering section position 2 
 
 
 
Figure A111 Newport Run 1A, dried, 4:1 screw, Screw Edge Surface at 
flight tip – across the channel –metering section position 2 
100µm100µm
70µm300µm
C O
Al Si
60µm
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Figure A112 Newport Run 1A, dried, 4:1 screw, Barrel Surface in Centre of 
Section – across the channel –metering zone position 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A113 Newport Run 1A, dried, 4:1 screw, Centre of Section – across 
the channel –metering zone position 2  
60µm O
SiAl
C
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Al
OC
Si
60µm
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Figure A114 Newport Run 1A, dried, 4:1 screw, Screw Surface in Centre of 
Section – across the channel –metering zone position 2  
 
 
 
 
 
 
 
 
 
 
 
Figure A115 Newport Run 1A, dried, 4:1 screw, Barrel Edge Surface – 
parallel to flights –metering section position 2 
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Figure A116 Newport Run 1A, dried, 4:1 screw, Centre of Section – 
parallel to flights –metering section position 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A117 Newport Run 1A, dried, 4:1 screw, Screw Edge Surface – 
parallel to flights –metering section position 2 
 
 
C Al
Si
60µm
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Figure A118 Newport Run 1A, dried, 4:1 screw, Flight End Screw Surface 
– across the channel –metering section position 2 
 
  
 
 
 
 
 
Figure A119 Newport Run 1A, dried, 4:1 screw, Barrel Edge Surface at 
flight tip – across the channel –metering section position 2 
 
 
 
 
 
 
 
Figure A120 Newport Run 1A, dried, 4:1 screw, Screw Edge Surface at 
flight tip – across the channel –metering section position 2 
 
C O
Al Si
60µm
100µm100µm
 
70µm 300µm 
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Figure A121 Newport Run 1A, dried, 4:1 screw, barrel surface – across the 
channel –metering section position 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A122 Newport Run 1A, dried, 4:1 screw, Central Area of Section – 
across the channel –metering section position 3 
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Figure A123 Newport Run 1A, dried, 4:1 screw, Screw Edge Surface – 
across the channel –metering section position 3 
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Figure A124 Newport Run 1A, dried, 4:1 screw, barrel surface – parallel to 
flights –metering section position 3 
 
 
 
 
 
 
 
 
60µm C
Al
O
Si
Cl Zn
Ca K
376 
 
Appendix 61 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A125 Newport Run 1A, dried, 4:1 screw, Central Area of Section – 
parallel to flights –metering section position 3 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A126 Newport Run 1A, dried, 4:1 screw, Screw Edge Surface – 
parallel to flights –metering section position 3 
60µm C O
Al Si
ZnCl
60µm
C O
Al Si
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Figure A127 Newport Run 1A, dried, 4:1 screw, Barrel Surface at flight tip 
– across the channel –metering section position 3 
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Figure A128 Newport Run 1A, dried, 4:1 screw, Barrel Surface – across the 
channel –metering section position 4 
 
 
 
 
 
 
 
 
 
 
 
Figure A129 Newport Run 1A, dried, 4:1 screw, Central Area of Section – 
across the channel –metering section position 4 
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C
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Figure A130 Newport Run 1A, dried, 4:1 screw, Central Area of Section – 
across the flow –metering section position 4 
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Figure A131 Newport Run 1A, dried, 4:1 screw, Barrel Surface – parallel to 
flights –metering section position 4 
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Figure A132 Newport Run 1A, dried, 4:1 screw, Central Area of 
Section – parallel to flights –metering section position 4 
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Figure A133 Newport Run 1A, dried, 4:1 screw, Screw Edge Surface – 
parallel to flights –metering section position 4 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A134 Newport Run 1A, dried, 4:1 screw, Middle of Flight Height – 
across the channel –metering section position 4 
60µm
Zn
C
Cl
Si
Al
60µm
C O
SiAl
383 
 
Appendix 68 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A135 Newport Run 1A, dried, 4:1 screw, Flight Screw Surface (Barrel 
Surface was the very similar) – across the channel –metering section position 4 
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Figure A136 Newport Run 1A, dried, 4:1 screw, Barrel Surface – across the 
channel –transition section position 5 
 
 
Figure A137 Newport Run 1A, dried, 4:1 screw, Barrel Surface Edge Layer 
– across the channel –transition section position 5 
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Figure A138 Newport Run 1A, dried, 4:1 screw, Central Area of Section – 
across the channel –transition section position 5 
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Figure A139 Newport Run 1A, dried, 4:1 screw, Screw Surface – across the 
channel –transition section position 5 
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Figure A140 Newport Run 1A, dried, 4:1 screw, Position 4, Transition / 
Metering Zone in Flow Direction
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Across the Flow Direction  Parallel to the Flow Direction  Across the Flow Direction      Parallel to the Flow Direction 
Figure A141 Newport 7A Dried 4:1 Screw Position 2    Figure A142 Newport 7A Dried 4:1 Screw Position 3 
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Barrel Side         Screw Side          Barrel Side         Screw Side 
 
Figure A143 Newport 7A Dried 4:1 Screw Position 4    Figure A144 Newport 7A Dried 4:1 Screw Position 4 
Section Across the Flow Direction       Section Parallel to the Flow Direction 
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Barrel Side    Screw Side     Barrel Side       Screw Side 
 
Figure A145 Newport 7A Dried 4:1 Screw Position 4    Figure A146 Newport 7A Dried 4:1 Screw Position 5
 Section Across the Flow Direction        Section Across the Flow Direction 
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Figure A147 Pensacola Run 1A, dried, 2:1 screw,      Figure A148 Pensacola Run 1A, dried, 2:1 screw, 
Across Flow Direction position 2 (metering zone)     in the Flow Direction position 2 (metering zone) 
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Figure A149 Pensacola Run 1A, dried, 2:1 screw, Across  Figure A150 Pensacola Run 1A, dried, 2:1 screw, in the 
Flow Direction position 3 (metering zone)     Flow Direction position 3 (metering zone) 
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Figure A151 Pensacola Run 1A, dried, 2:1 screw, Across   Figure A152 Pensacola Run 1A, dried, 2:1 screw, in the 
Flow Direction position 4 (metering/ transition zone)   Flow Direction position 4 (metering/transition zone) 
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Figure A153 Pensacola Run 1A, dried, 2:1 screw, Across   Figure A154 Pensacola Run 1A, dried, 2:1 screw, in the 
Flow Direction position 5 (transition zone)     Flow Direction position 5 (transition zone)
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Figure A155 Pensacola Run 1, dried, 2:1 screw, in the     Figure A156 Pensacola Run 1, dried, 2:1 screw, in the 
Flow Direction, position 2 (metering zone) - barrel surface   Flow Direction, position 2 (metering zone) - screw surface 
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Figure A157 Pensacola Run 1, dried, 2:1 screw, in the             Figure A158 Pensacola Run 1, dried, 2:1 screw, in the 
Flow Direction, position 2 (metering zone) Tip     Flow Direction position 2 (metering zone)
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Figure A159 Pensacola Run 1, dried, 2:1 screw, in the Flow Direction, position 2 
(metering zone) Screw Edge Surface 
 
 
 
 
 
Figure A160 Pensacola Run 1, dried, 2:1 screw, in the Flow Direction, position 3 
(metering zone) Flight Root to Barrel Surface
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Figure A161 Pensacola Run 4A, dried, 4:1 screw, in the           Figure A162 Pensacola Run 4A, dried, 4:1 screw, across 
Flow Direction, position 2 (Metering Zone)               the Flow Direction, position 2 (Metering Zone) 
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Figure A163 Pensacola Run 4A, dried, 4:1 screw, in the    Figure A164 Pensacola Run 4A, dried, 4:1 screw, across the 
Flow Direction, position 4 (Transition/Metering Zone)    Flow Direction, position 5 (Transition Zone) 
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Figure A165 Pensacola Run 4A, dried, 4:1 screw, in the    Figure A166 Pensacola Run 7A, dried, 4:1 screw, in the 
Flow Direction, position 5 (Transition Zone)      Flow Direction, position 2 (Metering Zone) 
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Figure A167 Pensacola Run 7A dried, 4:1 screw, across    Figure A168 Pensacola Run 7A, dried, 4:1 screw, Across the 
Flow Direction, position 2 (Metering Zone)      Flow Direction, position 3 (Metering Zone) 
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Figure A169 Pensacola Run 7A dried, 4:1 screw, in the     Figure A170 Pensacola Run 7A, dried, 4:1 screw, Across the 
Flow Direction, position 3 (Metering Zone)      Flow Direction, position 4 (Transition/ Metering Zone) 
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Figure A171 Pensacola Run 7A dried, 4:1 screw, in the     Figure A172 Pensacola Run 7A, dried, 4:1 screw, Across the 
Flow Direction, position 4 (Transition/ Metering Zone)    Flow Direction, position 5 (Transition Zone) 
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Figure A173 Pensacola Run 7A dried, 4:1 screw, in the          Figure A174 Pensacola Run 7, Un -dried, 2:1 screw, Across the 
Flow Direction, position 5 (Transition Zone)      Flow Direction, position 2 (Metering Zone) 
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Figure A175 Pensacola Run 7 Un- dried, 2:1 screw, in the     FigureA176 Pensacola Run 7, Un -dried, 2:1 screw, Across 
Flow Direction, position 2 (Metering Zone)      the Flow Direction, position 3 (Metering  Zone) 
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Figure A177 Pensacola Run 7 Un- dried, 2:1 screw, in the     Figure A178 Pensacola Run 7, Un -dried, 2:1 screw, Across 
Flow Direction, position 3 (Metering Zone)      the Flow Direction, position 4 (Transition/ Metering Zone) 
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Figure A179 Pensacola Run 7 Un- dried, 2:1 screw, Across the    Figure A180 Pensacola Run 7, Un -dried, 2:1 screw, Across  
Flow Direction, position 4 (Transition/ Metering  Zone)    the Flow Direction, position 5 (Transition) 
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Figure A181 Pensacola Run 7 Un- dried, 2:1 screw, in the Flow 
Direction, position 5 (Transition) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A182 Control Infra red Spectrum of Santoprene
TM
 TPV Constituent, Zinc 
Oxide 
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Figure A183 Control Infra red Spectrum of Santoprene
TM
 TPV Constituent, Plastol 
537 Oil 
 
 
Figure A184 Control Infra red Spectrum of Santoprene
TM
 TPV Constituent, Stannous 
Chloride 
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Figure A185 Control Infra red Spectrum of Santoprene
TM
 TPV Constituent, Sunpar 
150 Oil 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A186 Control Infra red Spectrum of Santoprene
TM
 TPV Constituent, Polestar 
200P Clay 
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Figure A188 Control Infra red Spectrum of Santoprene
TM
 TPV Constituent, Novolac 
Resin in Oil 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A189 Infra red Spectrum of Santoprene
TM
 TPV Benchmark 
 
